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ABSTRACT 
Extreme u l t r av io l e t emissions from the LLL 2XXIB fusion research 
experiment have been s tudied . (2XIIB was a magnetic-mirror-plasma-
confinement device; beams of high-energy (20 keV) n e u t r a l deuterium c rea ted 
a h igh-dens i ty , high-temperature plasma.) A normal-incidence concave-grating 
monochromator, equipped with a windowless photomult ipl ier tube, was used to 
u 
measure emissions in the s p e c t r a l region from 400 Angstrom to 1600 A. Emis­
sions of oxygen, t i tanium, carbon, n i t rogen, and deuteri im were i d e n t i f i e d ; 
18 —1 —2 —1 
the oxygen br ightnesses at times exceeded 10 ph-s -cm - s r . A survey 
of the emission cha rac t e r i s t i c s found the oxygen concentrat ion was 3%, the 
other impur i t i es had concentrat ions near 0.4%. The rad ia ted power loss was 
about 5% of the deposited neu t r a l beam power. 
The discovery of a 3% oxygen concentration was unexpected, because i t 
had been supposed that the e l e c t r i c f i e ld of the plasma would eject the im­
p u r i t i e s . An extensive study of oxygen emissions showed t ha t the oxygen was 
injected by the neu t ra l beams and had a subs tan t ia l mean energy (10 keV). In 
consequence, the oxygen was confined by the magnetic f i e l d s i n 2XIIB and was 
not affected by the e l e c t r i c f i e l d of the plasma. The d i s t r i b u t i o n of the 
oxygen ions among the poss ible i o n i z a t i o n s t a t e s was found to be determined 
by a balance of electron impact ion iza t ion and charge-exchange between the 
oxygen ions and deuterium atoms. The detai led e f fec t s of oxygen on the 
plasma power balance were also evaluated . 
The e f fec t of the e l e c t r i c f i e l d of the plasma on low-energy impur i t i es 
was studied by in jec t ing neon i n t o 2XIIB. In the f i r s t experiment, neon 
plasma was in jec ted along the magnetic f ie ld l i n e s . Most of the injected 
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I . INTRODUQTIPH 
Control led thermonuclear fusion" reactions^us>H t » " p ^ ^ u c e i e l e c t r i c 
power could wel l become an important and rcoimnon; par t «of pur 7"ves.' Fusion 
reactors w i l l heat deuterium, ex t rac ted from seawater, to such high temper­
a tures that deuter iuu nuclei overcome t h e i r na tura l r epu l s ion and fuse, 
c rea t ing helium and re leas ing energy. But absorbing the cap i t a l costs of 
fusion power p lan t s i s not yet a concern of economists. In fac t , engineers 
have jus t begun to design workable fusion r eac to r s . Today, phys ic i s t s a re 
s t i l l learning how to produce the physical conditions necessary to achieve 
fusion power. 
These conditions include high dens i ty to achieve a high reac t ion r a t e , 
good energy confinement to a t t a i n e f f i c i en t burning, and the high temperature 
mentioned above. Two basic techniques are now being t r i e d . The a l t e r n a t i v e s 
are heat ing the fuel very rapidly and evenly so i t produces power before i t 
can blow i t s e l f apart ( i n e r t i a l confinement), or confining and heating the 
fuel within a s t rong magnetic f i e l d . At present , the most successful mag­
ne t i c confinement device i s the tokamak, which t raps the ionized fuel (a 
plasma) within a doughnut-shaped magnetic f i e ld . However, tokamak reactors 
would be inconveniently large and complex. An a l t e r n a t i v e i s the magnetic 
mirror machine. A p a r t i c l e moving i n t o an increasing magnetic f ie ld w i l l 
slow down and turn around (a consequence of the Lorentz force and conser­
vation of angular momentum), unless i t s ve loc i ty is completely p a r a l l e l to 
the f i a l d . A mirror machine t r aps p a r t i c l e s between two regions of i n ­
creasing magnetic f i e lu , known as magnetic mi r rors . Present mirror confined 
plasmas can conta in subs tan t ia l energy, but require a high power input . 
Increasing the energy confinement t ime, and hence decreasing the power 
required to sus t a in a high-energy plasma, is the cen t r a l goal of current 
mirror research . 
To eventual ly achieve fusion power, i t is necessary to study present 
devices to l ea rn how to design l a rge r and more powerful machines. The f i e ld 
of plasma d iagnos t ics does t h i s , and plasma spectroscopy, one part of plasma 
d iagnos t ics , s tudies plasmas by analyzing the electromagnetic radia t ion they 
emit. Extreme u l t r a v i o l e t (EUV) spectroscopy, which s tud ies radia t ion with 
o 
wavelengths between 50 and 2000 A, is a useful tool because i t is compara­
t ive ly easy to i n t e r p r e t . S p e c t r a l - l i n e emissions from neut ra l deuterium and 
incompletely ionized impurit ies can be measured. By t h i s method, impuri t ies 
and rad ia t ion power loss 1 can be s tud i ed , as well as c e r t a i n more subt le 
plasma c h a r a c t e r i s t i c s . This report describes one of the very few EUV diag­
noses of a major mirror machine, probably the most extensive to date . 
Some background regarding the or ig in and i n i t i a t i o n of th i s study is 
worth r e l a t i n g . I n s t a b i l i t i e s caused early mirror machines to have very poor 
energy confinement [ 1 ] . I t is only recently (1975) tha t neutral-beam heat ing 
and increased a b i l i t y to control i n s t a b i l i t i e s enabled the 2XIIB device to 
achieve s u b s t a n t i a l improvements in energy confinement and the highest ion 
temperatures ever obtained in a major fusion research device [ 2 ] . Until 
then, circumventing the i n s t a b i l i t i e s had been so important tha t few impurity 
s tudies were performed. The other uses of EUV spectroscopy were not thought 
to j u s t i f y i t s c o s t . 
In a d d i t i o n , there were sound physical arguments suggesting that im­
p u r i t i e s should be unimportant in mirror machines. The high charge of 
impurity i ons , r e l a t i v e to deuterium, causes them to be more quickly sca t ­
tered by Coulomb c o l l i s i o n s , and to be strongly repel led by the e l e c t r i c 
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f i e ld of the plasma. This means they can escape the magnetic mirror more 
readily [ 3 ] , 
In view of these arguments, the discovery of an oxygen concentration 
of a, few percent in 2XIIB, which Occurred early in the study reported here, 
was quite perplexing. A major result of this study is that the oxygen dis ­
covered in 2XIIB is now understood. I t i s injected by the neutral beams and 
i s confined because i t has a large ve loc i ty perpendicular to the magnetic 
f i e l d . In addition, neon inject ion experiments have provided evidence sup­
porting the second argument given above: low-energy impurities are quickly 
e jected. In contrast, the transport and heating of the observed carbon and 
titanium impurities, which are not beam-injected, remain to Le understood. 
This report is designed to acquaint the reader with the necessary 
background before presenting the data and analys i s . The 2XIIB device and 
the physical principles of mirror machines are discussed in Section I I , with 
emphasis on those aspects that affect the impurities in the plasma. The 
spectrometer, the atomic processes affecting impurities, and the analysis of 
the EHV data are described in Section I I I . 2XIIB differs considerably from 
the tokamaks previously studied with EUV spectroscopy. A general approach 
was taken, to ensure the models chosen applied to 2XIIB. The resul ts of the 
general survey of impurities in 2XIIB are summarized in Section IV. The EUV 
emissions, concentrations, and radiated power loss are described. Appendix C 
presents the results of the survey in more d e t a i l . 
After the i n i t i a l discovery of an oxygen concentration of a few per­
cent, oxygen emissions were studied at length. Section V explains the conse­
quent understanding of the source and confinement of oxygen. The degree of 
ionizat ion of the oxygen impurities, which is strorgly affected by charge-
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exchange processes, is d iscussed. The effect of oxygen on the plasma power 
balance i s also considered. 
Neon was injected in to 2XIIB in the attempt to observe the e f fec t s of 
the plasma potent ia l on low-energy impur i t i e s . Section VI presents the re ­
s u l t s of these experiments, which included t h e in jec t ion of neon ions along 
magnetic f ie ld l ines and the puffing of neon gas toward the plasma. The 
d e t a i l s of the neon in j ec t ion experiments, and some r e su l t s from them per­
t a in ing to plasma s t a b i l i t y , are found in Appendix G. The conclusions of 
t h i s study are summarized i n Section VII, which then considers some of i t s 
impl ica t ions , both for impur i t ies in future mirror machines and for the pos­
s i b l e uses of EUV spectroscopy in mirror r e sea rch . 
The appendixes consider topics that are s i g n i f i c a n t , but too de ta i led 
to f i t smoothly into the main t e x t . Because 2XIIB has a very high mean ion 
energy, ion-impact c o l l i s i o n processes should be considered; and t h i s is done 
i n Appendix A. Appendix B evaluates the neu t ra l densi ty , which i s needed to 
c a l c u l a t e the rates of charge-exchange p rocesses . Appendix C presents the 
survey of impurity emissions i n de t a i l ; and Appendix D contains addi t ional 
s p a t i a l data. Appendix E presents a model of the inject ion of neutral-beam 
oxygen, which is used in Section V to evaluate some oxygen data. Although 
the sources of carbon, t i tanium, and nitrogen are not known, some evidence 
e x i s t s ; t h i s i s summarized in Appendix F . Appendix G summarizes the neon 
experiments , as mentioned above; and Appendix H evaluates the implications 
of the EUV data regarding the plasma boundary. 
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II. THE 2XIIB CONFINEMENT DEVICE 
A. In t roduc t ion 
The 2XIIB device and i t s functioning are described in th i s s ec t i on . 
Special a t t e n t i o n is paid to those aspects which a f fec t EUV emissions. A 
physical descr ipt ion of 2XIIB forms the next s e c t i o n . I t i s followed by a 
sunmary of the physical p r inc ip le s and processes which govern the behavior 
of the plasma and i t s i m p u r i t i e s . The f ina l sec t ion describes the r ecen t 
plasma physics experiments performed using 2XIIB; i t also d i rec t s the reader 
to more de ta i led d iscuss ions . Section I I I considers the spectrometer used to 
measure EUV emissions, and the i n t e r p r e t a t i o n of the spectroscopic da ta . 
B. Descr ipt ion of 2XIIB 
The 2XIIB magnetic mirror confinement device produces dense, h igh-
energy plasmas. This device has been described elsewhere [ 2 ] ; but , because 
the arguments below are based on i t s nature, t h i s sect ion describes i t s com­
ponents and functioning with reference to F ig . 1. 
The 2XIIB magnetic f i e l d is a combination of a quadrupole f i e ld and a 
guide f i e l d . The guide f i e l d , which is p a r a l l e l to the arrow marked "stream" 
in F ig . 1, allows plasma to pene t ra te and leave the centra l part of the ma­
chine along f ield l ines . The quadrupole f ie ld is prr-du^ed by a yin-yang co i l 
s e t , which crea tes a "minimum-B" magnetic well ( e . g . , the magnetic f i e l d has 
i t s minimum value at machine cen te r , and increases in every d i r e c t i o n ) . This 
produces magnetic mirrors i n the di rect ion of the guide f i e ld . While the 
magnetic f ie ld (and hence the plasma) has a cy l ind r i ca l cross sect ion near 
the midplane, i t becomes e l l i p t i c a l as i t passes through the mirrors and into 
the end t anks . The r e su l t i ng "end fans" are re fer red to below, but only the 
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Figure 1. Schematic of 2XIIB and selected diagnostics, including the 
EUV monochromator system. 
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The sources of plasma and energy wi l l now be descr ibed . Plasma i s 
injected through the mirrors along f i e l d l i n e s . (This i s labeled "stream" 
in the f i g u r e . ) High-energy beams of deuterium s t r i k e the streaming plasma. 
The neu t r a l beams are absorbed by means of charge-exchange and ion iza t ion ; 
and a high-energy, h igh-dens i ty , high-beta plasma i s created (E. ^ 12 keV, 
T ^ 100 eV, n ^ 5 x 1 0 1 3 , B * 0 . 5 ) . Beta (0) i s the r a t i o of p a r t i c l e e ' e 
pressure to vacuum magnetic f i e ld pressure , and t h i s device has achieved 
betas as high as two. 
The e n t i r e 2XIIB device i s evacuated. The 5 7 , 0 0 0 - l i t r e vacuum system 
—8 is kept near 10 t o r r , although the pressure r i s e s during a shot . The 
vacuum is maintained by diffusion pumping and t i tanium ge t t e r ing ; l i qu id -
nitrogen-coo led surfaces are sometimes also used. This r e s u l t s i n a low gas 
load on the plasma, and requires the use of d iagnost ics with good vacuum 
p r o p e r t i e s . 
C. The Physica l Pr inc ip les Which Govern Mirror Machines 
The behavior of mirror confinement devices is described in t h i s 
sec t ion . The important physical p r inc ip les and processes are summarized, 
with emphasis on those which a f fec t impur i t ies . This sec t ion is not i n ­
tended to be a thorough presenta t ion of the subjec t . Rather, i t should give 
the reader a bas ic f ami l i a r i t y wi th the working of mirror machines, s u f f i ­
cient to understand and evaluate t h e arguments presented below. Baldwin I 4] 
provides a more thorough review of some of these p r i n c i p l e s . 
Mirror Confinement 
The simplest mirror machine i s a pair of Helmholtz c o i l s . The magnetic 
f i e l d , which is strongest near the c o i l s , traps p a r t i c l e s between them. Some 
-7-
of the p a r t i c l e s escape because t h e i r veloci ty vectors are not su f f i c i en t ly 
perpendicular to the magnetic f i e l d . These p a r t i c l e s are said to be in the 
" loss cone" in veloci ty space. The remaining p a r t i c l e s would appear to be 
confined u n t i l they s c a t t e r i n to the loss cone. 
While no s ingle magnet ical ly trapped p a r t i c l e can escape the simple 
mirror on i t s own, the plasma, ac t ing as a magnetic f l u i d , can escape by 
means of a magnetohydrodynamic i n s t a b i l i t y . In hydrodynamics, i t is wel l -
known tha t when a l igh t f l u id supports a heavy f l u id against the force of 
g rav i ty , the equilibrium is uns table because small per turbat ions tend to 
grow. In a simple mirror , the centr i fugal force i s outward as the plasma 
moves along the f ield l i n e s . In consequence, the vacuum (a l ight f lu id ) i s 
supporting the plasma (a heavy f l u id ) against the centr i fugal force 
(g r av i t y ) , and small per turba t ions grow exponent ia l ly . To prevent t h i s i n ­
s t a b i l i t y , t he centrifugal force must be reversed, which is accomplished by 
changing t h e shape of the f i e ld l i n e s . The quadrupole f ield created in 2XIIB 
i s one example of a s t ab le magnetic configurat ion. Mathematical discussions 
of the simple de ta i l s of mirror confinement can be found in basic texts on 
plasma phys ics . 
The plasma confined wi th in a properly shaped magnetic f i e ld soon 
develops a pos i t ive p o t e n t i a l . The electrons in the plasma col l ide and 
s c a t t e r many times fas te r than the ions do. As a r e s u l t , many electrons 
enter the loss cone and t ry to leave the plasma, more quickly than the i o n s . 
This c r ea t e s e l e c t r i c f i e ld which confines the e lec t rons and e jec ts some low 
energy i o n s . A steady s t a t e is reached when the e lec t ron and ion loss r a t e s 
are the same. The plasma po t en t i a l in 2XIIB, which i s about 3T / e [ 5 ] , 
confines a l l but the most energe t ic e lec t rons . Near the machine center , the 
po t en t i a l va r i a t i on along f i e l d l ines is given by the Boltzmann r e l a t i o n , 
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n g(z) = n CO) exp [-ei))(z)/kT 1 , Near the magnetic mirrors this is not true, 
because of electron temperature gradients [6] . 
Figure 2 is a schematic that shows most of the features described 
above. The plasma density n is confined within the magnetic mirrors, and 
the plasma potential § is established accordingly. Velocity space is divided 
into a confined region and an unconfined region. The latter is enlarged due 
to the plasma potential. The added unconfined region is known as the "ambi-
polar hole." When an ion falls into it (by losing energy), the ion escapes 
from the plasma. 
(a) 
(b) 
Z (magnetic axis) 
Configuration space 
v^ - Velocity 
.Confined ions perpendicular 




Velocity parallel to B 
Velocity space 
Figure 2. Properties of a mirror machine, (a) The magnetic 
field (B), plasma density (n), and potential (<|>) 
along the magnetic axis (z) are shown, (b) The 
ambipolar hole is the extension of the loss cone 
due to the plasma potential. 
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The existence of the plasma potential (or the "ambipolar hole" in 
velocity space) is the basis of one argument that impurities should be unim­
portant in a mirror machine. It is very difficult for a multiply ionized 
impurity to remain confined, because its ambipolar hole is many times larger 
than the hole seen by a deuterium ion. Most impurity sources produce low-
energy impurities. When these impurities enter the plasma, they will in 
general be ionized by the hot electrons and ejected by the plasma potential. 
As is discussed below, the EUV data supports this argument, but it does not 
apply to neutral-beam-injected impurities. 
Another argument that impurities should be poorly confined in a mirror 
device is based on their enhanced ion-ion scattering [3]. Impurities scatter 
into the loss cone more quickly than deuterium ions do, because their high 
charge makes Coulomb collisions more effective in changing their momentum. 
(This argument has little application to 2XIIB, in which the ion confinement 
is not dominated by ion-ion scattering.) 
Neutral-Beam Heating 
High-energy neutral beams can easily heat mirror-confined plasmas 
(once such beams are available). Neutral-beam heating has many effects on 
the plasma and the processes that occur within it. Some of these effects 
will now be explored. 
Most of the particles injected by the neutral beams leave the plasma as 
neutral charge-exchange products and strike the machine walls. Only a small 
fraction of the injected beam current increases the plasma density (this will 
not be true in the larger mirror machines of the future). The large neutral 
current striking the walls (a few hundred amps) can produce cold gas reflux, 
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secondary e l e c t r o n s , and i m p u r i t i e s . As discussed in Appendix F, t h i s i s a 
possible source of the carbon observed in 2XIIB. 
I t i s important that the neu t r a l densi ty i n 2XIIB be high; th i s a f fec t s 
atomic processes within the plasma. The high neu t ra l dens i ty r e s u l t s from 
the small s i ze of the plasma, which i s not op t i c a l l y th ick to 20-kV beam 
penet ra t ion . The neut ra l beams are p a r t i a l l y t ransmit ted through the plasma; 
—3 in consequence the densi ty of high-energy neut ra l s i s l a rge (n_ i< 10 n ) . 
These atoms often t ransfer t h e i r e lect rons to highly ionized impurit ies 
(charge-exchange), with e f fec t s discussed in sect ions I I I -D and V-C. In ad­
d i t i on , the frequent charge-exchange of these neu t ra l atoms with plasma ions 
keeps the mean ion energy i n 2XIIB close to the i n j e c t i o n energy. 
I n s t a b i l i t i e s and the Electron Temperature 
As noted in Section I , the understanding and cont ro l of i n s t a b i l i t i e s 
has been c r u c i a l to the success of mirror machines. In 2XIIB, the d r i f t -
cyclotron, loss-cone i n s t a b i l i t y dominates the plasma f luc tua t ions [ 7 ] . I t 
is produced by the combined ex i s tence of the ambipolar h o l e , shown in F ig . 2, 
and the plasma dens i ty gradient . The ambipolar hole can be p a r t i a l l y f i l l e d 
by the continuous in jec t ion of streaming plasma, which is necessary to keep 
the 2XIIB plasma marginally s t a b l e [ 8] . Unfortunately, present sources of 
streaming plasma also cool the e l e c t r o n s , reducing the e lec t ron temperature 
below i t s optimum value. During t h i s study, the 2XIIB plasma was maintained 
using a neon streaming plasma r a the r than a deuterium one. This is somewhat 
contrary to expectat ions and i s discussed in Appendix 6 . 
The e l ec t ron temperature in a mirror machine i s general ly much lower 
than the ion temperature. The n e u t r a l beams in j ec t hot ions and cold e l e c ­
trons in to the plasma (the heavier nucle i keep most of the energy when the 
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neutral atoms a re broken up). The ions then heat the e lectrons by means of 
many minor Coulomb c o l l i s i o n s ; t h i s f r i c t i o n - l i k e process i s known as Spi tzer 
drag [ 4 ] . Because of ion-ion s c a t t e r i n g and the presence of an ambipolar 
po ten t ia l which i s several times T , the ions can never be confined long 
enough to e q u i l i b r a t e with the e l e c t r o n s . A mathematical treatment of the 
electron energy balance [4] shows tha t the c l a s s i ca l l imi t on the mean e l e c ­
tron energy in a l a r g e , s tab le mir ror machine is one- tenth the ion energy 
( i f there i s no supplementary e l ec t ron heat ing) . 
In 2XIIB the mean ion energy is about 100 times the electron temper­
a tu re . As was described above, the mean ion energy i s kept high, by frequent 
charge-exchange and the e lectrons are cooled by the streaming plasma. In 
consequence, the ion temperature i s high and the e l ec t ron temperature is low 
compared to an " idea l " mirror device . 
Because the ion energies are la rge in comparison with the e lectron 
energies , the effects of co l l i s i ons between impuri t ies and deuterons must be 
careful ly examined. The ion v e l o c i t y i s no longer n e g l i g i b l e compared to the 
electron v e l o c i t y : the speed of a 10-keV deuterium ion is one-fif th that of 
a 60-eV e l e c t r o n , and the ion ca r r i e s much more t r a n s f e r a b l e momentum. The 
consequences o: t h i s fact for i on iza t ion and exc i t a t i on ra tes are assessed in 
Appendix A. For most of the impurity ions i n the plasma, these effects are 
unimportant. 
F i n a l l y , the plasma boundary i s of in t e res t because i t can affect the 
loss of p a r t i c l e s and energy from the plasma. A cold plasma layer may ex i s t 
i n 2XIIB [ 9 ] , es tabl ished by di f fus ion or gas re f lux . The temperature and 
densi ty p r o f i l e s i n th is region are not well knov.i. As is discussed in 
Appendix H, some clues may be obtained from the EUV d a t a . 
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D. Recent 2XIIB Operation 
During the ten-month EUV study, several mirror physics experiments were 
performed by the 2XIIB staff . This s ec t ion wil l mention those experiments, 
and wi l l discuss the plasma parmeters which were produced. De ta i l s about 
recent 2XIIB plasma physics r e su l t s and the 2XIIB d iagnos t ics may be found i n 
references [ 5 , 1 0 - 1 2 ] . 
2XIIB es tab l i shed and maintained plasmas with widely varying charac te r ­
i s t i c s , which depended on the amount of beam current suppl ied , neutral-beam 
13 - 3 aiming, and o ther f a c t o r s . The e lec t ron density varied from 10 cm 
14 - 3 to more than 10 cm , and the e l ec t ron temperature was as low as 30 eV and 
at times exceeded 150 eV. Energy and p a r t i c l e confinement times near 1 ms 
were obtained. On the one hand, t h i s wide var ia t ion allows us to observe im­
portant e f fec ts ( see , for example, the discussion of 0 I I emissions in Sec­
t ion V). On the other hand, we must consider such v a r i a t i o n s when analyzing 
data and drawing conclusions. 
Recent Experiments 
Substant ia l EUV data were obtained during three major 2XIIB exper i ­
ments. From September to December, 1977, a f i e ld - r eve r sa l experiment was 
performed [ i l l . The neutra l beams were aimed to minimize the plasma radius 
while maximizing i t s diamagnetic c u r r e n t s . The magnetic f i e l d was reduced 
to near zero in the center of the plasma but was not reversed . 
Large-radius plasmas were s tudied from January to May 1978. The 
neut ra l beams were aimed to maximize the plasma r a d i u s . The large-radius 
plasmas obtained l a rge r e lectron temperatures and energy confinement than 
comparable smal l - rad ius plasmas did [ 5 ]. This i s apparent ly connected with 
b e t t e r s t a b i l i z a t i o n of the dominant d r i f t - cyc lo t ron , loss-cone i n s t a b i l i t y . 
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During May through July 1978, plasmas were created to study the mechan­
isms determining the electron temperature in 2XIIB. Unexpected gradients of 
e lec t ron temperature along magnetic f i e ld l ines were measured and are now 
theo re t i ca l l y understood [ 12l . (These gradients are not i n the central 
plasma region observed during t h i s s tudy.) 
Several o ther experiments were performed during t h i s period, notably 
including an attempt to s t a b i l i z e the plasma with e lec t ron beams [ 13] . Some 
EUV data were obtained during these experiments, but they were in general too 
brief to y ie ld subs tan t i a l i n s i g h t . 
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I I I . SPECTROSCOPIC INSTRUMENTATION AND THEORY 
A. Int roduct ion 
This sec t ion provides the spect roscopic background needed to place in 
perspect ive the r e s u l t s and arguments presented below. The spectrometer i s 
described and i t s mounting on 2XIIB i s explained. The t h e o r e t i c a l concepts 
necessary to i n t e r p r e t the spectroscopic data are reviewed. In addi t ion , a 
number of atomic processes are evaluated to determine which ones are impor­
t an t in the environment of the 2XIIB plasma, 
B. The Spectrometer 
The spectrometer used in t h i s study i s a 0.4-m normal incidence spec­
trophotometer t h a t is described in d e t a i l elsewhere [14 ] . A brief descr ip­
t i on , including the modifications made for 2XIIB, w i l l be given here . The 
gra t ing drive was designed by William G. Fas t i e of the Johns Hopkins Univer­
s i t y , ro t a t e s the 0.4-m-radius-of-curvature concave g ra t ing with a s ine-dr ive 
mechanism, to ob ta in a l inear wavelength va r i a t i on , while t r ans l a t i ng the 
grat ing to mainta in good focusing (see F i g . 3) . The entrance s l i t and ex i t 
s l i t are fixed i n pos i t ion , each s e t 4 .3 from the zero-order grat ing normal. 
The exi t s l i t has a fixed height ; the entrance s l i t uses a p l a t e with a vee-
shaped notch to vary the s l i t height uniformly about i t s cen te r . Both s l i t s 
have one movable edge, which may be accura te ly set to give a s l i t width of 50 
to 1300 um. 
The Bausch and Lomb gra t ing i s platinum coated, has 2400 lines/mm and 
a " 
is blazed near 300 A. This combination r e s u l t s in a d ispers ion of 10 A/mm. 
o 
The experimentally determined r e so lu t i on of the opt ics i s 0.2 A. To obta in 
r e l i a b l e photometric accuracy, we must consider the +_ 0.3-A wavelength 
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Figure 3 . Schematic of the 0.4-ra monochromator. 
r e s e t t a b i l i t y of the grating d r i ve , as i t was mounted on 2XIIB, and the i r -
reproduc ib i l i ty of the plasmas under observat ion. Under these r e s t r i c t i o n s , 
° . . . . . 
the usable r e so lu t i on is about 2 A (and is greater i f there is s igni f icant 
Doppler broadening) . 
Ibe de tec to r i s an EMR 510W windowless photomult ipl ier tube with a 
copperiodide coat ing that enhances i t s s e n s i t i v i t y at wavelengths above 
o 
1200 A [15] . Lead shielding p ro tec t s the detector from x r ays , and a 
magnetic s h i e l d was used to i s o l a t e i t from the strong (500-G) f ie lds 
encountered near 2XIIB. The sh ie ld uses several layers of material to 
reduce the f i e ld and overlapping cylinders of d i f ferent r a d i i to overcome 
end effec ts (see F ig . 4 ) . I t was tes ted to a 500-G longi tudinal and 1000-G 
transverse f i e l d . 
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Outer magnetic shield Leading shielding 
Figure 4 . The magnetic sh ie ld ing of the EUV de tec to r . Note t h a t 
the open ends of the inner and outer sh ie lds over lap, 
reducing f ie ld penet ra t ion through the ends. 
The instrument was abso lu te ly ca l ibra ted before and af ter the 2XIIB ex­
periment using the c a l i b r a t i o n f a c i l i t y a t Johns Hopkins, which gives r e s u l t s 
cons is tent with those obtained using the National Bureau of Standards (NBS) 
c a l i b r a t i o n f a c i l i t y [14]. The ca l ib ra t ion is performed f i r s t measuring the 
i n t e n s i t y of a monochromatic beam with an absolu te ly ca l ib ra ted reference 
photodiode obtained from NBS l l 6 l , then measuring the s ignal obtained a f t e r 
a mirror i s moved to pass the same beam through the instrument. The s e n s i ­
t i v i t y of t h e instrument dropped up to 24% during the 2XIIB experiment. In 
consequence, including the c a l i b r a t i o n u n c e r t a i n t i e s , the ca l ib ra t ion i s 
known to b e t t e r than +22% over the primary spec t r a l range used (450-1220 A) 
O 
and l e s s well from 400 to 1600 A. The good s t a b i l i t y of the ca l ib ra t ion i s 
a t t r i b u t e d te the continuous evacuation of the instrument by an ion pump 
throughout the 12-month experiment and to the use of copper gaskets for a l l 
demountable vacuum j o i n t s . 
-17-
C. Mounting of the 0.4-m Instrument on 2XIIB 
The 0.4-m instrument was mounted on top of 2XIIB, with the or ien ta t ion 
shown in Fig. 1. The l ine of s ight passed between the yin-yang co i l s and 
in te rcepted the cen t ra l plasma. I t was 13° from the v e r t i c a l and 3° from 
the midplane of 2XIIB. The entrance s l i t was 2.84 m from machine center . 
The instrument was held by a car r iage t ha t could be t i t l e d by remote 
c o n t r o l . The pivot point was 2.37 m from machine center ; and the motion was 
perpendicular to the magnetic a x i s . The l i n e of sight could be moved more 
than 15 cm from the ax is in eacl d i r ec t i on , allowing the en t i re plasma to be 
scanned. A var iab le p r e s l i t allowed the f i e l d of view to be adjusted. As a 
r e s u l t , the number of shots needed to scan the plasma could be matched to the 
number of shots ava i l ab le with constant plasma parameters. 
During a run, fhe instrument and beam-line were d i r ec t l y connected to 
the 2XIIB vacuum system. A shut te r in the beam-line protected the ins t ru ­
ment from the t i tanium emitted by the g e t t e r wi res . Ten seconds before each 
sho t , the shut ter was opened. The ion pump on the instrument was also turned 
off, to keep i t from af fec t ing the s i g n a l . After the shot , the shut te r was 
c losed , and the pump was turned on. 
D. Atomic Processes 
Understanding and in t e rp re t ing spectroscopic data require knowledge of 
the atomic processes tha t occur in the plasma being studied. This sect ion 
reviews the re levant atomic processes and ind ica tes which ones are important 
h e r e . I t s s igni f icant conclusion is that charge-exchange is the dominant 
recombination process i n the central 2XIIB plasma, which i s seldom true in 
tokamaks. The important processes are dis t inguished by comparing the rates 
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at which various processes occur, so a d iscuss ion of l i fet imes and r a t e s 
fol low. 
The r a t e v and l i f e t i m e T for a process r e su l t i ng in a change in some 
quan t i ty x are defined by: 
v = 1 / T = I £ (1) 
I f t is not a function of x, i t i s the c h a r a c t e r i s t i c time for exponential 
growth or decay of the quant i ty x . The processes of i n t e r e s t most often 
occur when a ta rge t atom is bombarded by another p a r t i c l e . In t h i s case the 
l i f e t ime i s : 
T = (n < a v > ) - 1 (2) 
P 
in which n is the dens i ty of the bombarding p a r t i c l e s and < O v > i s the 
average of the product of the cross sec t ion for the process and the r e l a t i v e 
v e l o c i t y of the c o l l i s i o n . Tables 1 and 2 summarize the c h a r a c t e r i s t i c l i f e ­
times of the important atomic processes in 2XIIB. These processes w i l l be 
considered and evaluated in more depth below. Energies are in keV, masses 
are in amu, and other q u a n t i t i e s in cgs u n i t s . The sources of ra te coef­
f i c i e n t s are described i n the t e x t . 
Emission-Related Processes 
Because the spectrometer measures r ad ia t ion in t ens i ty , processes which 
p e r t a i n to emission are of f i r s t importance. The volume emission r a t e is 
-1 - 3 E = n* A photons s cm , (3) 
i n which n* i s the dens i ty of excited atoms and A is the Eins te in coeff icient 
• 9 — 1 
for spontaneous emission, of order 10 s . Spontaneous decay i s i n general 
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TABLE 1. IMPURITY TIME SCALES* 
PROCESS 
01 
UFETIME OF STATE FOR PROCESS IN MICROSECONDS 
O i l OIII OIV OV OVI OVII 
REFERENCE 
i to o I 
Ion i za t i on by e ** 
Charge Exchange On 
Neutral Deuterium 
Sp i tze r Drag 
Die lee t r r l i e and 
Radia t iv . Recombination 












2.4 6.4 22 77 3.3xlO J 
120 24 7.8 
280 120 69 
3.0 
1.9xl0 6 1 .2xl0 5 2 . 4 x l 0 4 7 . 8x l0 3 3 . 0 x l 0 3 
45 






270 910 33 40 50 63 26,27 
6700 1700 750 420 270 190 29 
. 6 x l 0 5 8x l0 4 2x l0 4 
4 
4x10 2 . 5 x l 0 5 1.2xl0 5 19 
30 
*The following parameters are assuned 
T e = 100 eV, n e = 5 x 1 0 1 3 c m - 3 , n D o = 5 x 1 0 1 0 cm - 3 , vj) = 1 0 8 cm s - 1 , n 0 = 1 0 1 2 
**For comparison, e x c i t a t i o n times for s t rong l ines a re t yp i ca l ly 1 p s . 
TABLE 2. FORMULAS FOR IMPURITY LIFETIMES 
Process Formula for Lifet ime 
Ionizat ion T 




1 ( ions) 
n< a v > 0 
1 (neu t r a l s ) 




ex a v> 
10 1 3 MT 3 / 2 e 





„ ^ R E C a v> 
Sca t te r ing V a b = 5 x 101 0 E / Z ^ A ^ V ^ ; 2 log 1 Q RD 
Energies are in keV, masses are in amu, and other quanti­
ties in cgs units. The sources of rate coefficients are 
described in the text. 
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much fas te r than co l l i s i ona l deexci ta t ion or st imulated emission. I t i s also 
much fas ter than a l l the exc i t a t ion processes , which have maximun rates of 
order 10 s . This has two consequences: At any given t ime, almost a l l 
the pa r t i c l e s of one type are in the ground s ta te (metastable systems are 
discussed below), and the emission r a t e i s determined by the exci ta t ion r a t e . 
Electron impact exc i t a t ion i s in general the dominant exci ta t ion 
process . Photon exc i ta t ion i s not important . Exci ta t ion as a r e s u l t of r e ­
combination or ion iza t ion in to an exc i ted s t a t e may be important for trati-
s i t i ons among exci ted s t a t e s [17] , but i s unimportant for the ground-state 
resonance t r a n s i t i o n s observed h e r e . Ion impact e x c i t a t i o n is in general 
slow compared to electron impact e x c i t a t i o n . Some exceptions may occur for 
t r ans i t ions in low ioniza t ion s t a t e s , as a resu l t of the high ion temperature 
of 2XIIB. This i s sue i s discussed i n Appendix A. 
Given tha t e lectron impact exc i t a t i on determines the emission r a t e , 
Eq. (3) can be r ewr i t t en : 
E = n N < o v > e x . (4) 
e 
The e lec t rons of densi ty n exci te the ions of densi ty N, with a r a t e 
coeff ic ient < o v > e x . The r a t e coeff ic ients used here were obtained from 
recent ca l cu la t ions [18-22]. The calcula t ions genera l ly agree qui te well 
with one ano ther . In cases of disagreement, the close coupling ca lcu la t ions 
of Robb [18] were used. 
Many impuri ty atoms have metastable systems which cannot decay rap id ly 
2 3 
to the ground s t a t e . For example, the Is 2s2p P s t a t e of Be I (or 0 V) 
decays very slowly to the Is 2s 1 S ground s t a t e (A ^ 10 s ) [23]. These 
systems are populated as a r e s u l t of exc i t a t ion , i o n i z a t i o n , and recombi­
nation processes . Their populations may exceed those of the ground-state 
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systems; they may be determined by measuring resonance t r a n s i t i o n s from the 
loviest metas tab le s t a t e , and must be considered when impurity concentrat ions 
and power loss are evaluated. 
Ionizing and Recombing Processes 
The atoms and ions in the plasma change t h e i r i on iza t ion s t a t e by 
ioniza t ion and recombination ( inc luding charge-exchange). Electron impact 
ionizat ion i s the dominant ion iz ing process for most i o n s . Neutral atoms 
may become ionized by charge-exchange on deuterium ions : 
A + D+->- A + + D° . 
This process is e f fec t ive for n e u t r a l atoms in 2XIIB, but is not important 
for mult iply ionized impur i t i e s . This i s because t h e t i g h t l y bound e lec t rons 
move too quickly to ef fec t ive ly gain energy from the slower deuterium ions . 
Neutrals and ions i n low-ionizat ion s t a t e s may a lso be affected by deuteron-
impact i o n i z a t i o n , as assessed in Appendix A. 
The ion iza t ion r a t e coef f i c i en t s used here are taken from Lotz [24] . 
The measured values tend to be somewhat lower than these tabulated values , 
as L. A. Jones discussed during a recen t conference [ 2 5 ] . This fact i s 
considered in Section V, during the deta i led analysis of the oxygen data. 
Charge-exchange was the most important recombination process in the 
cent ra l 2XIIB plasmas, as a r e su l t of the r e l a t i v e l y la rge density of high-
energy n e u t r a l s discussed above. As may be seen in Table 1, r ad i a t ive and 
d ie l ec t ron ic recombination are t y p i c a l l y 1000 times slower than charge-
exchange. Co l l i s i ona l recombination, a three body p rocess , i s unimportant 
because the e lec t ron density is too low. 
The cross sect ions for charge-exchange, 
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A Z + D ° ^ A Z _ 1 + D+ , 
are taken from recent measurements [26,27] . These measurements were per­
formed a t r e l a t i v e ve loc i t i e s close to those present i n 2XIIB, and the cross 
sect ions are believed to vary slowly with ve loc i ty over the range t ha t is 
important for <av> [27] . (This i s because the ve loc i t y d i s t r i bu t ion i n 2XIIB 
has few ions at very high or very low v e l o c i t i e s T7].) In consequence, the 
ra te coef f ic ien ts were computed as : 
„ ^ % - 8 3 - 1 
<ov> = v = 10 a cm s 
The averaging i s estimated to be accurate wi th in +20%. 
Sca t t e r ing and Heating Processes 
In a mirror machine, the ve loc i ty and energy of confined p a r t i c l e s must 
s a t i s f y c e r t a i n requirements (see Section I I ) . As a r e s u l t , processes tha t 
heat the ions or s c a t t e r them i n veloci ty space are important. Coulomb c o l ­
l i s ions can lead to both s c a t t e r i n g and hea t ing , as is discussed below. 
Radio-frequency ( r f ) f luc tua t ions can also s c a t t e r and heat p a r t i c l e s i n 
2XIIB. These effects are important but are not in general dominant for the 
deuterium i n the plasma [ 7,28] ( the energy confinement i s governed by Coulomb 
•e f fec t s ) . The deuterium ions are resonant with the deuterium ion cyclotron 
r a d i a t i o n t h a t dominates the r f f luc tua t ions . As the impurity ions are not 
resonant wi th th i s r ad ia t ion , r f effects should be l e s s important for them. 
In genera l , such effec ts wil l be ignored below. 
I t is well known tha t the important Coulomb ef fec t s in plasmas are cum­
u l a t i v e ones , r e s u l t i n g from many co l l i s ions at l a rge impact parameter [29] . 
As an i l l u s t r a t i o n , using t y p i c a l 2XIIB parameters , the cross sect ion for 
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—7 2 co l l i s ions c lose r than a Debye length i s of order 10 cm vs a cross 
—21 2 sect ion of about 10 cm for c o l l i s i o n s r e su l t i ng i n def lec t ions 
—9fi 9 greater than 90 . The D+D fusion c ross - sec t ion at 10 keV i s 10 cm . The 
effects of many small angle c o l l i s i o n s are best computed using the 
Fokker-Planck equat ion. 
Sca t te r ing changes the d i r ec t i on of a ve loc i ty vec to r ; but i t should 
only be important for low-energy, poorly-confined impur i t i e s in 2XIIB. I t s 
ef fec ts are most often expressed i n terms of a "90° s c a t t e r i n g t ime," which 
is the average time required for the ve loc i ty vector to be sh i f ted in d i r e c ­
t ion by 90° . Computer simulations are in general cons i s t en t with ana ly t i c 
es t imates , as discussed by Futch £t^ j d . [ 3 0 ] . The 90 s c a t t e r i n g time may 
be estimated a s : 
. .^ 1 0 * „ l / 2 A A - l / 2 „-2 „-2 nx ,. = 1.25 x 1 0 ± u E E f " A A . x / Z * zS (5) a D a D a b 
- 3 Energies are expressed m keV and masses i n amu, with nr i n cm s . 
Equation (5) gives the average time required for a 90 def lec t ion of a par­
t i c l e of type a, as a r e s u l t of c o l l i s i o n s with p a r t i c l e s of type t>. The 
global mirror machine confinement t ime, if ion losses are dominated by sca t ­
t e r i n g , i s given by Eq. (5) times a fac tor 4 log R , i n which R is the 
mirror r a t i o [ 3 0 ] . The l a t t e r quan t i ty was included i n the l ifet imes found 
in Table 1 ( i t s value i s 1.2 for 2XIIB). Some typ ica l s c a t t e r i n g l i f e t imes 
for oxygen in 2XIIB were given in Table 1. Sca t te r ing is seen to be impor­
tant only for low-energy impur i t i e s , which are already poorly confined be­
cause of the p o s i t i v e plasma p o t e n t i a l . Thus, s c a t t e r i n g should not s i g n i f i ­
cant ly affect impuri ty confinement i n the centra l plasma. 
Heating of cold impurit ies by the hot ions in the plasma must also be 
evaluated. I f cold impur i t i es , with barely enough energy to pass through the 
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plasma, can be heated (and, in consequence, confined) within one transit 
time, a much smaller impurity inf lux i s required to obtain a given concen­
tration of impurities. Simple est imates, based on the standard formulas of 
Spitzer [29] , suggest that such heating times are far too long to matter. 
However, because these formulas were obtained using a Maxwellian velocity 
distribution, they do not l i t e r a l l y apply to 2XIIB. A better calculation, 
based on the Fokker-Planck equation and using a standard model of the 2XIIB 
velocity distribution [ 7 l , also showed that cold impurities are negligibly 
heated by co l l i s ions with the hot ions . 
E. Measurement of Brightnesses, Densit ies and Concentrations 
This section discusses the measured EUV brightness, and the relation of 
the impurity densi t ies and concentrations to i t . The interprstation of EUV 
spectroscopic data is model-dependent, and the models to be used should be 
determined by direct study of the plasma being modeled. In this study, much 
effort was expended to ensure that good models were used and that the con­
clusions were not artifacts of the models. 
Brightnesses 
The quantity measured with this equipment i s monochromatic surface 
brightness. The brightness of emissions from an opt ica l ly thin source is 
related to the volume emission rate E(r) by 
B = T - /E(r)dl photons s cm sr , (6) 
-1 -3 in which E(r_) i s in units of photons s cm into 4tf steradians and the 
integral is taken along the l ine of sight of the measuring instrument. 
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The br ightness was re la ted to t h e measured detector current as follows: 
I a 2 
B "TQTG A A ' ( 7 ) 
s ps 
i n which I is the observed current , QTG is the net gainiof t h e spectroscopic 
system, a i s the d is tance from entrance s l i t to p res l i t / , and A and A are 
J ' s ps 
the areas of the two s l i t s . The l a s t two quant i t i es applied because the re 
were no smaller op t i c a l stops i n the system. Equation (7) may be derived by 
in t eg ra t ing the s igna ls due to emission from each elemental volume through­
out the f i e ld of view. 
We can now obta in a r e l a t i o n between the measured monochromatic surface 
brightness of the plasma and the microscopic electron and impurity ion densi­
t i e s . The s u b s t i t u t i o n of Eq. (4) i n t o Eq. (6) y ie lds 
"fe/n. N<ov> e Xdl . (8) e 
The t r a n s i t i o n s observed have energies on the order of 15 eV. In such cases , 
<ov> e x varies slowly with T above 20 eV. In consequence, < a v > e x can 
usual ly be withdrawn from the i n t e g r a l . 
Densi t ies and Concentrations 
Given n (j_), T ( r ) , and the s p a t i a l p ro f i l e of the impurity ions , 
Eq. (8) can be i n t e g r a t e d to obta in the impurity densi ty of an ion iza t ion 
s t a t e . If t h i s can be done for a l l ion iza t ion s t a t e s of a given impurity 
spec ie s , t he t o t a l dens i ty of that species and hence i t s concentrat ion in 
the plasma are known. 
As a p r a c t i c a l mat ter , the impuri ty spa t i a l p rof i l es are not wel l -
known, hence we use simple models, t h r ee of which are mentioned here: the 
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cons tant -dens i ty ( f l a t p r o f i l e ) , cons tant -concent ra t ion , and t h i n - s h e l l 
models. I f the impuri t ies are evenly d i s t r ibu ted — the constant-densi ty 
model — and t h e T prof i le i s s u f f i c i e n t l y broad, both N and < a v > e x can 
be removed from the in tegra l i n Eq. (8 ) , yielding 
4TTB - 3 
h <av> / n dl cm (9) 
Spat ia l scans and Thomson s c a t t e r i n g data indica te t h a t t h i s i s usually the 
appropriate model for 2XIIB. In t h e constant concentrat ion model, the n 
and N p ro f i l e s are proportional (and <av> = c o n s t . ) , thus Eq. (8) can be 
in tegra ted d i r e c t l y because the e lec t ron densi ty p r o f i l e is known. F i n a l l y , 
i f the impurity ions exist i n a s h e l l at r = a, Eq. (8) becomes 
B = i - n (a) N<ov> e X 2Aw , (10) 
4ir e 
where Aw is the she l l th ickness . 
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IV. IMPURITY EMISSIONS, CONCENTRATIONS, AND POWER LOSS 
A. I n t r o d u c t i o n 
The l a c k of d e t a i l e d knowledge about i m p u r i t i e s i n mirror machines 
meant t h a t i t was i m p o s s i b l e to a n t i c i p a t e EUV b r i g h t n e s s e s or e m i s s i o n 
c h a r a c t e r i s t i c s . In consequence, a major survey was n e c e s s a r y to determine 
the general c h a r a c t e r i s t i c s o f EUV e m i s s i o n s from 2XIIB. The c o n c e n t r a t i o n s 
of i m p u r i t i e s , and t h e power r a d i a t e d by them, could be e s t i m a t e d once t h e 
EUV emiss ion c h a r a c t e r i s t i c s were known. This s e c t i o n summarizes th; charac-
t e r i s t i c s of the EUV emiss ions from 2XIIB and t h e c o n c l u s i o n s f o l l o w i n g from 
them. 
Four i m p a r i t y s p e c i e s , of which oxygen was most abundant, were i d e n t i ­
f i e d i n 2XIIB. The time developments , b r i g h t n e s s e s , e n e r g i e s , and s p a t i a l 
d i s t r i b u t i o n s of EUV emiss ions are summarized i n the nex t s e c t i o n of t h i s 
s e c t i o n . The f i n a l s e c t i o n summarizes the i m p l i c a t i o n s of t h e EUV data f o r 
impurity c o n c e n t r a t i o n s and r a d i a t e d power l o s s . 
The oxygen data w i l l be emphasized throughout, i n preparat ion for the 
d e t a i l e d d i s c u s s i o n s of S e c t i o n V, which present the r e s u l t s of an e x t e n s i v e 
i n v e s t i g a t i o n of t h e oxygen e m i s s i o n s from 2XIIB. Appendix C contains a 
d e t a i l e d account of the survey of EUV e m i s s i o n s . Appendix F eva lua te s the 
p o s s i b l e carbon sources i n 2XIIB on the bas i s of the carbon data. I t a l s o 
summarizes what l i t t l e i s known about t h e sources of t i t a n i u m and n i t r o g e n . 
B. EUV Emiss ions from 2XIIB 
Emissions of oxygen t i t a n i u m , carbon, and n i t r o g e n were i d e n t i f i e d . 
S h c t - t o - s h o t s p e c t r a l scans under c o n s t a n t machine c o n d i t i o n s were used to 
i d e n t i f y e m i s s i o n l i n e s , with the a i d o f the wavelength c a l i b r a t i o n of the 
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spectrometer and standard tables of atomic t r ans i t ions [31] . The observed 
t r a n s i t i o n s are tabula ted in Appendix C, and the l i n e i d e n t i f i c a t i o n i s d i s ­
cussed more thoroughly t he r e . Most of the t r ans i t ions observed on 2XIIB had 
been observed previously on Alcator [32 ] , using the same equipment, which i n ­
creases the r e l i a b i l i t y of the l i ne i d e n t i f i c a t i o n s . 
During the f i r s t few months of th i s EUV study, the time development of 
EUV emissions from 2XIIB was observed, and i t came to be understood. I t did 
not change dramat ical ly throughout the en t i r e s tudy. Typical time h i s t o r i e s 
of five oxygen s t a t e s are presented i n Figs. 5 and 6. The emission charac­
t e r i s t i c s wi l l be described with reference to these f i g u r e s . 
The time development of the 2XIIB discharge can be divided in to three 
phases: the t a r g e t plasma buildup, the hot plasma bui ldup, and the high-
density p la teau . During the i n i t i a l experiments, a t a rge t plasma was pro­
vided by t i tanium washer guns beginning a t 1.2 ms af te r machine "zero t ime." 
The hot plasma buildup began when the neut ra l beams f i red a t 1.8 ms and ended 
when the high dens i ty plateau was reached at about 4 ms. The plateau las ted 
un t i l about 8 ms, depending on the duration of the neutral-beam current . 
During the t a rge t plasma bui ldup, low-intens i ty impuri ty emissions were 
observed from low ion iza t ion s t a t e s . Emissions of 0 I I and 0 I I I were ob­
served by 1.4 ms, and 0 IV was observed by 1.8 ms. Ihe emissions at t h i s 
time were so dim tha t they required measurement on a more s ens i t i ve scale 
than tha t shown i n F ig . 6. 
A strong increase in EUV impurity emissions occurred during the hot 
plasma bui ldup. Brightness peaks were observed from 0 IV, 0 V, and sometimes 
0 VI. These are believed to have r e su l t ed from the ion iza t ion of 0 I I and 
0 I I I ions a l ready ex i s t ing in the t a rge t plasma. They were cha rac t e r i s t i c 
of high-temperature plasmas with r ap id buildup to high d e n s i t i e s , but were 
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Figure 5 . A typ ica l 0 V 630 A time development. The electron l ine 
densi ty (dashed l i n e ) and the beam and stream durations 
are also shown. Some plasma parameters are given. 
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Figure 6 . Typical emissions of the observed oxygen ions , 
from i d e n t i c a l shots on 24 October 1977. 
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not present in a l l of the plasmas studied. The successive appearance of 
emissions from ever higher ionizat ion states lends additional support to the 
l ine ident i f i ca t ions . 
Impurity emissions showed some variations during the high-density 
plateau. Emissions from low ionizat ion states often increased during this 
period, while emissions from higher ionization s ta tes exhibited variable 
changes. These variations wexe usually less than a factor of 2. 
The oxygen emissions were the brightest observed from 2XIIB. 
As Fig. 6 shows, 0 V 630 A and 0 VI 1032 A had brightnesses near 1 0 1 8 ph 
- 1 - 2 - 1 . - . . • 
s cm sr . These emissions are very bright in comparison with those 
observed from other plasma devices . The 0 VI brightness is an order of mag­
nitude greater than that reported from TFR [33 ] , and i s one hundred times 
levels observed on Alcator [ 32] . In addition, for 2XIIB plasmas of compar­
able density, the oxygen brightnesses seldom varied more than a factor of 2 
throughout th i s study. These long-term variations are documented and d i s ­
cussed in Appendix C. 
Spatial and spectral scans of EUV emissions were limited by the number 
of shots available with constant machine parameters. In general, the impur­
i t i e s were distributed throughout the plasma. Figure 7a shows the resul ts of 
o 
a spatial scan of 0 V 630-A emissions. The spat ial 0 V brightness data were 
obtained on a shot-by-shot bas i s . The e lectron-l ine density profi le was 
measured every shot. It did not vary substantially (+10%) and was f i t well 
as a Gaussian prof i l e . The average of these l ine density profiles i s shown 
in Fig. 7. Figure 7b shows the Abel inversion of the hand-drawn best f i t to 
the 0 V spatial data, as well as two possible models of the spatial prof i l e . 
Although the data are not accurate enough to precise ly determine the 0 V 
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Figure 7. (a) 0 V 630-A brightness and e l ec t ron l ine density 
prof i les are shown, (b) 0 V dens i ty prof i les given by 
Abel inversion and two models a re shown; sec- text for 
d e t a i l s . 
spa t i a l d i s t r i b u t i o n , the Abel inversions of various brightness prof i les 
allowed by the data show that the constant concentra t ion model (Section 
I I I -D) , which i s the dotted curve in the f igure , should be used for oxygen. 
The Gaussian p ro f i l e of the 0 V densi ty is proport ional to that of the e l e c ­
tron d e n s i t y . The dashed curve i n the figure represen t s the constant densi ty 
model; i t i s c l ea r ly a poorer f i t . Other spa t i a l data are discussed in 
Appendix C and D. 
The energy of the emit t ing impurity ions could be estimated on the 
basis of some of the spec t ra l scans . These scans are documented and eva l ­
uated in Appendix C, and are sumnarized in Table 3 . Table 3 presents the 
impurity energies corresponding to emission at the f u l l width of half maximum 
-34-
TABLE 3 . IMPURITY ENERGIES FROM DOPPLER BROADENING 
Observed 





Sl i t 
FWHM 
0 VI 1032 A 3.5 + 0 .7 A 1 .1 A 




0 V 760 A 2 . 4 + 0-5 A 
O 
1 .5 A 
C I I I 977 A 2 . 3 + 0 .3 A 
o 
1.1 A 
Ac tua l 
FWHM 
— = HWHM 
(10~ J ) 
3.3 + 0.7 I 1.6 + 20% 
1.7 + 0 . 4 A 1.3 + 25% 
1.9 + 0 .7 A 1.3 + 37% 
2.0 + 0 .35 A 1.0 + 18% 
Energy a t 
FWHM 
(keV) 
19 + 40% 
13 + 50% 
13 + 74% 
5.6 + 36% 
(FWHM) of the observed l i n e s . The d e t a i l s of Table 3 are a l so explained i n 
the Appendix. 
The oxygen in 2XIIB i s c l e a r l y e n e r g e t i c , having a mean energy near 
10 keV ( the mean energy is somewhat l e s s than the energy at the half maximum 
of the observed l i n e ) . This i s high enough for the oxygen to be wel l -
confined, as is discussed in Sect ion V. The carbon energy i s lower than t h a t 
of the oxygen, but some of the ene rge t i c carbon could be confined in the cen­
t r a l plasma. These observed energies a re important clues for ident i fy ing 
impurity sources . 
C. Concentration and Power Loss 
In consequence of the measurements of EUV emissions from 2XIIB, i t was 
poss ible to e s t ima te the impurity concentrat ions using the methods described 
i n Section I I I . The de ta i l s of the brightness measurements, the uncertain­
t i e s i n t he se , and the choice of s p a t i a l models are discussed in Appendix C. 
The data tha t were analyzed in d e t a i l and the spec i f i c r e s u l t s obtained are 
tabulated t h e r e . Table 4 presents a summary of the impurity concent ra t ions . 
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TABLE 4. SUMMARY OF IMPURITY CONCENTRATIONS 
Species Concentration Uncertainty 
% Factor 
Oxygen 3% 2 
Carbon 0.4% 2.5 
Nitrogen 0.5% 3 
Titanium 0.3% 4 
Oxygen is apparent ly much more abundant than the o ther impur i t i es , but 
carbon, n i t r o g e n , and t i tanium a l l ex is t i n nonnegl igible q u a n t i t i e s . As 
Section V shows, the oxygen concentra t ion is reasonable because the oxygen 
i s in jected by the neutral beams and i s well-confined. But, as i s discussed 
in Appendix F , the origins of the carbon and t i tanium are not understood. 
The r ad i a t ed power from the 2XIIB plasma was estimated on the basis of 
the observed br igh tnesses . About 50 kW of power is radia ted by the impur­
i t i e s i n 2XIIB ( to a factor of 2 ) , of which 80% i s due to the oxygen. The 
— 3 observed r ad ia t ed power per unit volume 0^10 W-cm ) i s high compared to 
o 
most tokamak r e s u l t s Oul W-cm ) [32 ,33] . However the power input to 2XIIB 
i s so high ("X/SOO W-cm ) that the impurity r ad ia t ion i s an ins igni f ican t 
power lo s s (^5%). Moreover, the impuri t ies affect the 2XIIB power balance in 
other ways, as a r e s u l t of s c a t t e r i n g and charge-exchange. The effec ts of 
oxygen i n t h i s regard are discussed i n Section V-D. The method by which the 
radiated power loss was calculated and the spec i f i c r e s u l t s obtained are 
included i n Appendix C. 
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V. RESULTS OF A DETAILED STUBY OF OXYGEN EMISSIONS 
A. In t roduct ion 
This sec t ion presents the r e s u l t s of the de ta i l ed inves t iga t ions of 
oxygen emissions from 2XIIB, which were undertaken a f t e r the unexpected d i s ­
covery of a few percent of highly ionized oxygen. The na tu ra l questions of 
how such oxygen could pene t ra te the plasma and be confined were pursued, and 
i n time severa l conclusions were reached. 
The source of the oxygen impurity is shown to be the neu t ra l beams in 
section B. This has implicat ions for the oxygen confinement, which allows a 
model of the equil ibrium d i s t r i b u t i o n of oxygen ions among d i f fe ren t ion­
iza t ion s t a t e s to be developed i n sec t ion C. This model, which assumes a 
balance of ion iza t ion and charge-exchange, is cons i s ten t with the data. 
F ina l ly , the r e s u l t i n g understanding of oxygen c h a r a c t e r i s t i c s allows a more 
thorough evaluat ion of i t s effect on the plasma power balance , which includes 
several important processes i n add i t ion to r a d i a t i o n . 
B. Evidence for Neutral-Beam-Injected Oxygen 
This sec t ion argues that the pr inc ipa l source of oxygen in 2XIIB i s 
the neut ra l beams. All the ava i l ab le evidence supports t h i s hypothesis, and 
there i s evidence which con f l i c t s with any other reasonable one. The most 
dramatic evidence is the strong dependence of the 0 I I 539 A emissions on 
beam current ; t h i s dependence has been successful ly modeled by assuming beam-
injected oxygen. Spatial and spec t r a l scans of oxygen emissions, impurity 
in jec t ion experiments, and other experiments also support t h i s conclusions. 
The 0 I I emissions showed a s trong dependence on beam curren t . The 
peak s ignal from the 0 I I 539-A mul t ip le t was measured on two days as the 
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neut ra l - t »am current was sys temat ica l ly varied from 150 equiv A to 500 A on 
a shot-by-shot b a s i s . Figure 8 shows the 0 I I s igna l as a function of beam 
current from one such scan. This data has been corrected for a s ign i f i can t 
o 
background s igna l (about half the t o t a l s ignal of the peak of the 539-A 
fea tu re ) , which was careful ly measured during t h i s scan. The best power-law 
f i t to the 0 I I data in Fig. 8 i s tha t the 0 I I b r ightness increases as beam 
current to the 1.6 power. The l i n e densi ty i s roughly proportional to beam 
current . The C I I I 977 A data , obtained during another scan, shows tha t 
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Figure 8. The 0 I I br ightness was observed to sca le as the neutral-beam 
current to the 1.6 power, and i t was successfully modeled. 
C I I I emissions sca le d i f f e r e n t l y . 
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This s t rong dependence of oxygen s ignal on beam cu r ren t is expected i f 
the beams are t h e source of oxygen. The 0 I I emissions are approximately 
proportional to the ra te at which oxygen is trapped i n the plasma. This i s 
because both ion iza t ion and e x c i t a t i o n r a t e s are propor t ional to the e lec t ron 
densi ty . Thus, the average number of photons emitted by each 0 I I ion before 
i t changes i o n i z a t i o n s t a t e i s independent of e lec t ron dens i ty ; i t depends 
only weakly on T . The r a t e at which neutral-beam oxygen atoms are trapped 
by the plasma depends on the product of the oxygen cur rent (probably a fixed 
percentage of the beam current) and the a t tenuat ion of tha t current by the 
plasma, which increases when the plasma l ine densi ty does. This leads to a 
g rea t e r - than - l inea r dependence of oxygen trapping and hence of 0 I I emissions 
on beam cur ren t . 
The s trong dependence of 0 I I br ightness on beam current i s thus 
important, independent of the d e t a i l s of any p a r t i c u l a r model; but the 0 I I 
brightness r e s u l t i n g from beam in jec ted oxygen can be modeled. A quan t i t a ­
t ive model has been constructed, which determines an 0 I I br ightness based 
on the trapping and ionizat ion of neutral-beam oxygen. I t p redic ts that the 
0 I I brightness should sca le as beam current to the 1.55 power, which is 
consis tent with the data . According to t h i s model, the observed brightness 
corresponds to roughly a 2% p a r t i c l e concentrat ion of oxygen in the beams. 
The predict ions of the model are shown i n F ig . 8. I t i s derived in Appendix 
E. By evaluat ing the r e l a t i v e t rapping and l ifet imes of 0 I I ions and 
deuterons, the average 0 I I dens i ty i s found to be 
ex 
1 - T < 0 V > + - _ ^0 D „ 0.5 
n 0 l l - r 0 1 - T . ion "D S 
0 I I 
- 3 9 -
in which f. i s the f ract ion of oxygen in the beams, T Q and T_ are the average 
transmissions of oxygen and deuterium through the plasma, and n_ is the 
neutral deuterium densi ty . The br ightness is then given by Eq. (9) i n 
Section I I I , and i s proport ional to the 1.5 power of the beam curren t . (The 
uncer ta inty i n the exponent is about +15%.) 
If the oxygen was beam i n j e c t e d , i t s t ransverse ve loc i ty should have 
been correspondingly high. This was t rue , as was discussed in Section IV 
(see Table 3 ) . The spec t ra l data and detai led analysis are in Appendix C 
(Figs . C3 and C4). On the basis of the observed Doppler broadening, the 
oxygen energy was estimated to be 10 keV. This energy could r e s u l t from 
beam in jec t ion of high-energy oxygen, but is unl ikely to r e su l t from slow 
co l l i s i ona l hea t ing ; the l i f e t ime of low-energy impur i t ies i s too shor t . 
The p o s s i b i l i t y that the oxygen ions were anomalously heated is elim­
inated by the 0 I I spa t i a l data , which requires that the neutra l oxygen en te r 
the plasma at high energies . This is shown by the s p a t i a l d i s t r ibu t ion of 
0 I I emissions, which did not show a well-defined she l l s t r uc tu r e . Back­
ground sub t rac ted 0 I I 539 A s p a t i a l data is presented i n F ig . 9. Line-
density data from the same run and some of the data analysis are also shown. 
The s p a t i a l data i s limited by che a v a i l a b i l i t y of shots with constant 
machine parameters . This data does not allow a prec ise determination of the 
0 11 densi ty p ro f i l e by Abel i nve r s ion . However, the inversions of curves 
drawn through the data may be used to place l imi t s on the 0 I I shel l s t r uc ­
t u r e . This procedure showed tha t the 0 I I densi ty at r = 3 cm is 50% + 30% 
of the peak 0 I I densi ty , which occurs near r = 8 cm, as i s indicated in the 
f igure . This i s consistent with dominant beam in jec t ion of oxygen, but not 
with oxygen t rapping from low-energy rad ia l sources. Radial oxygen fluxes of 
100-eV energies should be reduced more than six orders of magnitude before 
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Figure 9. The 0 I I 539 A br ightness and the e l ec t ron l i n e densi ty 
p r o f i l e s , are shown above. Below, the v a r i a t i o n of densi ty 
p r o f i l e s allowed by the data is ind ica ted . 
reaching a radius of 3 cm. In c o n t r a s t , beam injected oxygen can read i ly 
pene t ra te to the cen te r of 2XIIB; i t s t ransmission to a 3-cm radius i s 30%. 
For impuri t ies in jec ted with low energ ies , only the higher ion iza t ion s t a t e s 
(<v0 V) should ex i s t near the plasma c e n t e r . The existence of 0 I I near the 
plasma center i s good evidence tha t the neu t r a l oxygen a r r i v e s with a high 
energy. 
Low-energy oxygen sources were simulated by in j ec t ing neon impuri t ies 
i n two ways. These experiments, which had other impl ica t ions , are discussed 
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fur ther i n Sect ion VI and Appendix 6 . When some neon gas was injected 
r a d i a l l y by a pulsed valve 55 cm from the plasma, the Ne IV and Ne V b r i g h t ­
nesses were much less than those of oxygen, although the exc i ta t ion r a t e 
coef f ic ien ts are s imilar for these two elements. In addi t ion , the plasma 
was destroyed before enough neon gas could be introduced to obtain a Ne IV 
brightness comparable to tha t of 0 IV. These facts imply that low-energy 
radia l oxygen sources were normally unimportant. 
In the second experiment, a gas-arc plasma gun was used to in jec t neon 
o 
ions along f i e l d l i n e s . The background-corrected Ne I I 460 A signal peaked 
before 3.5 ms, then decreased to almost zero by 5 ms. In cont ras t , 0 I I 
s ignals fxom s imi la r plasmas reached a broad plateau during the high-densi ty 
phase of the discharge, l a s t i n g from 4 to 8 ms i n t h i s case . The sharp 
decrease in Ne I I emission showed the at tenuation of s ingly ionized ax ia l 
impurity f luxes as the plasma dens i ty increased. The qui te different 0 I I 
time behavior indica ted that a x i a l oxygen fluxes from the plasma guns were 
not s i g n i f i c a n t . In addi t ion, although the streaming plasma was 100% neon, 
the Ne IV and Ne V brightnesses were two orders of magnitude below those of 
0 IV and 0 V. This also ind ica tes that the streaming plasma is a neg l ig ib l e 
source of oxygen. 
The charge-exchange analyzer provides further evidence that the oxygen 
is injected by the neutral beams [34 ] . I t is able to resolve the energy 
components of the neutral beam when the beams are f i red into low-pressure 
neutral gas. A one-tenth energy deuterium component is observed at such 
times which i s consis tent with the breakup of D.O from the neutral beam 
[ 3 5 l . Simil ar r e su l t s have been obtained at Lawrence Berkeley Laboratory 
(LBL) and Princeton Plasma Physics Laboratory [36 ,37 ] . 
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In view of the above evidence, i t is qui te c lear tha t the oxygen i n 
2XIIB i s dominantly beam-injected. In consequence, the oxygen i s well 
confined and r ad ia t e s s u b s t a n t i a l l y , but i t also hea ts the electrons while 
i t i s cool ing. The ways i n which t h e oxygen affects the power balance of 
the ions and e lec t rons are considered i n Section V-D. I t i s found that the 
oxygen in 2XIIB causes addi t ional power input to the ions and has l i t t l e net 
effect on the e l e c t r o n s . This w i l l not always be t rue i n future mirror 
machines, but i t i s unlikely tha t neu t ra l beam injected oxygen wi l l ever be 
s ign i f i can t ly damaging to them; t h i s issue is discussed in Section VII . 
There i s some data to i nd ica t e t ha t the neut ra l beams are not always 
the only source of oxygen. The 0 I I 539 A signal is a good indica tor of the 
neu t r a l oxygen f lux , because 0 I I ion izes quickly (<vl u s ) . I t exhibi ts two 
types of time development, although in general only one of them is seen on a 
given day. The time development which i s consis tent with neg l ig ib le low-
energy oxygen fluxes shows a constant plateau br ightness u n t i l the beams turn 
off, and then the brightness abrupt ly decl ines to almost zero (the hot neu­
t r a l oxygen is gone in a few microseconds). On other days, the 0 I I b r igh t ­
ness es tab l i shes i t s plateau value then increases beginning at about 5 ms 
u n t i l the beams turn off. At that time the signal drops only by the amount 
that was present at 5 ms and then decays at a r a t e determined by the plasma 
decay. The l a t t e r behavior i nd i ca t e s the development of a low-energy oxygen 
f lux . Because of i t s low ve loc i t y , t h i s flux does not cease immediately when 
the beams turn off. This observed behavior was at times cor re la ted with an 
ea r ly decay of the plasma dens i ty . The highly ionized oxygen s t a t e s showed 
no d iscern ib le ef fec t of these d i f fe rences , which is also cons is tent with the 
behavior of low-energy impuri t ies (see Section VI). The question of 
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addit ional low-energy oxygen sources and the i r effect on the plasma is a 
possible subjec t for future r e sea rch . 
C. The Population of Oxygen Ion iza t ion States 
Once the source of oxygen was understood, the d e t a i l s of i t s existence 
in the plasma could be inves t iga ted . I t was stated in Section I I I tha t 
ionizat ion and charge-exchange should be important i n 2XIIB, and may reach 
equilibrium, although t h i s is subject to the effects of confinement l o s s e s . 
After an examination of oxygen confinement, the population d i s t r ibu t ions pre­
dicted from an equil ibrium of i on iza t ion and charge-exchange are discussed. 
These are compared with data obtained over a wide range of plasma parameters, 
for which the oxygen population d i s t r i b u t i o n s varied considerably. The 
agreement i s wi th in the uncer ta in t i es involved. One important consequence 
is that t h i s demonstrates the f e a s i b i l i t y of obtaining time-resolved average 
electron temperature measurements using spectroscopic techniques . 
The beam-injected, high-energy oxygen is magnetically trapped and is 
well-confined. The i n i t i a l oxygen ve loc i ty is perpendicular to the magnetic 
f i e ld , and the in j ec t ion energy (^16 keV) is much la rger than the ambipolar 
hole (which i s 2.5 keV for 0 VII with T = 120 eV). In consequence, the 
oxygen is confined u n t i l i t loses most of i t s energy or s c a t t e r s far enough 
i n ve loc i ty space to become unconfined. As may be seen from the l i fe t imes 
in Table 1, an oxygen ion should ion ize and charge-exchange many times 
before i t i s l o s t . I t i s confined for a long time compared with the l i f e ­
times of processes which lead to a change of ion iza t ion s t a t e . 
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Equilibrium Population D i s t r i b u t i o n s 
The ef fec t of the long oxygen-confinement time may be seen by examining 
the r a t e equation for the populat ion of 0 VII . Because of the low e lec t ron 
temperature, ionizat ion from 0 VII to 0 VIII is n e g l i g i b l e . The r e s u l t i n g 
low populat ion of 0 VIII insures that charge-exchange i n t o 0 VII is a lso 
small . As was discussed in Section I I I , char gee xchange is the dominant r e ­
combination process . Using the notat ion of tha t s e c t i o n , we have: 
d t V l I e n ^ion , s c x "VII — • - = n n < CJV> — n_ n_ <av> -dt VI e VI "VII T) VII T 
In steady s t a t e , if confinement losses are small , t h i s yie lds 
ex 
nvi V a v > v n 
°VII n e < a v > y ° n 
The r a t e equation for 0 VI contains terms due to ionizat ion of 0 V and 
0 VI, and charge-exchange of 0 VI and 0 VII . The addi t ion of the ra te equa­
t ions for 0 VII and 0 VI e l iminates some terms, and gives a r e l a t i o n between 
0 VI and 0 V. This can be continued, to ob ta in , in general : 
n n < av> , 
x D x+1 ,.., 
n . i ^ ^i on x+1 n < a v > e x 
This i s the analogy of the well-known coronal model [ 3 8 ] , applied to a plasma 
with long confinement and chargeexchange-dominated recombination. The low-
ioniza t ion s t a t e s have higher populations Chan such a model ind ica tes , be­
cause of the steady inf lux of new p a r t i c l e s . 
To compute the average population r a t i o of two ionizat ion s t a t e s , we 
must know n (see Section IV), n_, (see Appendix B), <av> (see Section 
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I l l ) , and<ov> . The ion iza t ion ra te coeff ic ients may be taken from 
Lotz [24]; these values are based on simple s c a l i n g s . Experimental measure­
ments often give cross sec t ions smaller than these values (M3.6 Lotz) [ 2 5 ] , 
hence an addi t ional comparison based on t h i s fact is also worthwhile. 
Comparison of Theory and Experiment 
The r e s u l t s of ca lcu la t ions based on Eq. (1) are given in Table 5 . 
This t ab le shows the predicted fractions* populations of 0 I I through 0 VII , 
as defined by 
/
V I I 
E j t l l J 
The expected r e l a t i v e concentrat ions of the observed ionizat ion s t a t e s -
which i s more relevant to the experiment - are also given. They were ob­
tained as was PF. , except tha t the sum is taken only over the observed 
s t a t e s . 
Figure 10 and Table 5 compare experimental r e s u l t s with the p red ic ­
tions explained above. The concentrations of oxygen ions were obtained from 
the observed br ightnesses , as described in Appendix C. The metastable popu­
la t ions were taken into account using the metastable ra t ios shown in Table 5 
and discussed in Appendix C. The observed factor-of-two agreement between 
the experimental and predicted r e su l t s is within the uncer ta in t ies of the 
c a l c u l a t i o n s . In p a r t i c u l a r , the metastable r a t i o s , the r a t e coeff ic ients 
for e x c i t a t i o n , ion iza t ion , and charge-exchange, and the brightness 
measurements a l l carry u n c e r t a i n t i e s . 
The la rge r e l a t i v e changes in the observed population d i s t r i bu t ions 
have two s ign i f ican t consequences. F i r s t , they lend further support to the 
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TABLE 5. OXYGEN POPULATION DISTRIBUTIONS 
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T a 60 eV O VII 35 0 .10 0 . 0 4 
e O VI 0 32 0 . 9 3 0 .40 0.27 0 . 4 4 0 .28 0 .21 
n a 3 . 8 x 1 0 1 3 cm -3 O V 2 . 1 50 3 . 9 0 .36 0 . 4 1 0 . 4 0 0 . 4 3 0 . 5 4 
e O IV 0 . 5 61 16 0 .13 0 .23 0 .14 0 .24 0 .20 
no e 4 . 3 x 1 0
1 0 cm -3 0 I I I 1. 5 2 .2 50 0 . 0 2 0 .05 0 . 0 2 0 .05 0 .04 
0 I I 165 0 0 0 0 0 .01 
T ss 120 eV O VII 0 .48 0 . 3 3 
e O VI 3 .4 0 .41 0 .46 0 .80 0 .69 0 . 5 4 
n s 4 . 9 x 1 0 1 3 cm -3 O V 11 0 .09 0 . 1 8 0 . 1 8 0 .27 0 .39 
c O IV 36 0 .01 0 . 0 3 0 . 0 2 0 . 0 4 0 . 0 4 
no = 4 . 0 x 1 0 1 0 cm 
-3 O I I I 92 0 0 0 0 0 .02 
0 I I 260 0 0 0 0 0 .01 
T = 40 eV O VII 0 .003 
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Figure 10. Observed and predicted population distributions of oxygen among 
the observed ionization s ta te s . The observed distributions 
(sol id l ines) vary considerably as plasma conditions change. 
The predictions agree adequately with the data. The use of 
ionization rate coeff icients equal to 0.6 times the tabulated 
values (Lotz[24]) gives better agreement than the full values 
do. 
account of oxygen given above, and to theconclusions of Section III about the 
important atomic processes i n th i s plasma. Second, they show the poss ib i l i t y 
of a useful diagnostic. Given beam current, l ine density, and plasma radius, 
which determine the electron and neutral dens i t i e s , the model of Eq. (1) can 
be applied to any 2XIIB plasma. If simultaneous measurements of 0 IV, 0 V, 
and 0 VI emissions are made, the magnitude and time variation of average 
electron temperature can be determined. The metastable ratios and other nu­
merical factors could be "calibrated" by comparison with single point Thomson 
scattering measurements. This hypothetical diagnostic could be applied to 
2XIIB and future mirror machines. 
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D. The Effects of Oxygen on the 2XIIB Power Balance 
The oxygen in 2XIIB increases the power input to the deuterons by about 
15% and causes much less net power l o s s from the e l e c t r o n s . This is sur ­
p r i s ing because the oxygen concentrat ion i s only 3%. Our accepted notion 
tha t impurit ies are harmful leaves us even more su rp r i sed . The effects of 
oxygen on the deuterons and on the e lec t rons are evalua ted . Because of the 
small oxygen concent ra t ion , the power carr ied by the oxygen ions is ignored. 
The dominant mechanism by which oxygen adds power to the ions i s the 
trapping of neu t r a l deuterium. The d i rec ted neu t ra l beam current is a t t e n ­
uated by ion iza t ion and charge-exchange. When deuterons t r a p beam neu t ra l s 
by charge-exchange (which happens to about 75% of the a t t enua ted n e u t r a l s ) , 
a high-energy deuterium neutral is produced; i t most often escapes from the 
2XIIB plasma. In con t r a s t , the oxygen ions are not l o s t when they t rap beam 
neu t ra l s by charge-exchange, because they are mult iply ion ized . This i s s i g ­
n i f i can t in 2XIIB, but would not be important in a l a rge r plasma from which 
charge-exchange neu t r a l products did not normally escape. 
Calculations of Oxygen Effects 
The e f fec t of oxygen on the plasma power balance i s considered in two 
ways below. F i r s t , the effects of oxygen in the plasma are evaluated by 
computing the power gained or los t per uni t volume by severa l processes. 
The resu l t s of these ca lcula t ions a r e shown in Table 6. Second, the a t t e n ­
uation of the neu t r a l beams i n the presence of oxygen i s considered, and the 
incremental power input to the ions is determined. In both cases , the oxygen 
i s found to enhance the power input to the deuterons by about 15%. 
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TABLE 6. THE EFFECTS OF OXYGEN ON THE 2XIIB POWER BALANCE 
Term Formula f o r Oxygen 
E f f e c t of 
Oxygen on 
Power Input 
(W-cnf 3 ) 
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Plasma Parameters Assvnied: 
13 - 3 n = 5 x 10 cm e 
*D 13 keV 
<Z>Q = 4 . 5 
T = 100 eV 
e 
E„ = 10 keV 
- / i n 1 0 "3 n = 4 x 10 cm 
E. = 12 keV 
l 
12 - 3 N = 1.5 x 10 cm J 
13 - 3 n + = 4 . 3 x 10 cm J 
D 
Table 6 summarizes the e f fec ts of oxygen on the e lec t rons and on the 
deuterons. Comparative r e s u l t s for the deuterium ions are a lso given. To 
ca lcu la te the e f fec t s considered, t y p i c a l 2XIIB parameters were used; these 
are given i n the t a b l e . The processes l i s t e d are now considered individu­
a l l y , and some technical comments a re made. 
The r a d i a t i o n power loss was computed by using the cooling r a t e , 
—25 3 
L = 10 W-cm . The value of L was determined by comparison with the 
resu l t s presented in Appendix C. The deuterium neu t ra l s r ad i a t e about 
- 3 0.1 W-cm of Lyman alpha emissions. 
The ion iza t ion power loss r e s u l t s from the l i b e r a t i o n of cold e lec t rons 
within the plasma. I t i s the oxygen current per uni t volume (N/ T Q ) times 
the energy l o s s involved in the i n i t i a l ionizat ion of oxygen up to 0 VII , 
E(3T /2 + v . ) , added to the e l ec t ron power loss r e s u l t i n g when oxygen 
ions are re - ionized af ter undergoing charge-exchange wi th neu t ra l beam atoms. 
The neutral-beam atoms that are ionized within the plasma produce cold e l e c -
- 3 t rons , leading to roughly a 2 W-cm power drain on the e lec t rons i n the 
plasma. 
The oxygen and the deuterons heat the e lect rons by Spitzer drag, which 
was evaluated using by the formula given in Table 2. This is the primary 
mechanism by which electrons are heated in 2XIIB. I t i s seen that the 
electron hea t ing by the oxygen ions near ly offsets the oxygen-induced power 
lo s se s , so t ha t the net effect of the oxygen on the e lec t rons i s a very small 
power loss—about 3% of the e lec t ron heating by the deuterium ions . 
The deuteron power balance i s affected by the oxygen in two ways. The 
oxygen traps neu t r a l deuterium, as noted above, and i t s c a t t e r s confined deu­
terons in to the loss cone. The power input due to the t rapping of neu t ra l 
deuterium by charge-exchange with oxygen ions is the trapped current per un i t 
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volume (n_ N<ov>C X) times the neutral deuterium energy (E_). For com­
parison, the e f fec t of deuterium on the power input by D trapping includes 
the power input resulting from the ionization of deuterium and the charge-
exchange of deuterium on deuterons. 
The power loss due to scatter ing into the loss cone i s the loss current 
per unit volume due to scattering (n /x ) times the mean ion energy 
D 8 
(E.) . The l i f e t ime x was computed using the resu l t s of Futch et a l . 
[ 30l and Spitzer [29] . The power loss due to this mechanism is seen to be 
small for both oxygen and deuterons. These values are comparable because the 
high charge of the oxygen of fsets the difference in density. 
The 3% oxygen concentration i n 2XIIB results i n a small electron power 
l o s s , and increases the power input to the deuterium by about 15%, on the 
basis of the above calculations. The effect of oxygen on the deutexon power 
balance can also be evaluated by considering the attenuation of the neutral 
beams. 
The power input to the ions from the neutral beams i s evaluated by 
computing the transmission of the neutral beams and then finding the power 
deposited by the various attenuating processes. This procedure is followed 
below, assuming a small impurity concentration. The volume-averaged beam 
transmission i s 
Jexp - y * n e d l a e f f / 1 . 4 l j , 
in which n dl is the peak l ine density and the factor 1.41 results from 
volume averaging ( i t was determined by comparison with a computer code that 
calculates beam attenuation [ 5 ] ) . In the presence of an impurity, 
1 it + n \ / ion. ex-. 
a e f f = v ( 1 - < * < Z : J («jv > + + <av> + ) 
ion ex 
+ <av> +a<av>. 
e imp -52-
in which <t> is the impurity concentration re lat ive '̂ o electron density, <Z > 
i s i t s average charge, and v i s the average beam neutral ve loc i ty . The rate 
coeff ic ients are for charge-exchange on deuterons (<ov>D ) , ionization by 
deuterons and electrons (<CTv>^on and< av^ 0 1 1) and charge-exchange on impur­
i t i e s such as oxygen (<0v>?x ) . The change in a , due to the impurity i s 
A0 c = - 4 [ < Z > ( < a v > c x + < 0 v > i o n ) - < « , > « 1 . eff v I _+ imp) 
The decrease in beam attenuation due to the relat ive absence of deuterium 
ions i s part ia l ly offset by charge-exchange on impurity ions . The net 
change is small because <ti i s small. On 2XIIB, a __ decreases roughly 5%. 
—15 —15 
(o „ = 1.54 x 10 without oxygen, and i s 1.47 x 10 with 3% oxygen.) 
In consequence, the beam-attenuation-line-density diagnostic is not s i g n i f i ­
cantly afiected by Sas oxygen in 2XIIB. 
The power input to the deuterons is calculated from the beam trapping 
and includes the effects of several processes. The power input i s 
P = V 1 - T ) f t r a p E b + ( 1 ' f trap> ( E b ~ V 
The attenuated beam current (1. (1 - T)) i s part ia l ly trapped without the 
loss of a high-energy deuteron, leading to an energy input (f l O -
The fraction of the attenuated beam trapped in this manner i s f . The 
trap 
average beam energy i s E, . The remaining fraction of the attenuated beam 
(1 - f ) deposits only the difference between the beam energy and the 
deuteron energy, (E, - E-) into the plasma. Neglecting reionization and 
trapping of deuteriim charge-exchange neutral products, we can estimate 
ffc . In th i s approximation 
< o v > l o n (1 - <A<Z>) + < o v > l o n + < a v > ? x 
trap = v <J e f £ 
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This equation computes the fraction of the total effective cross-section for 
neutral beam attenuation which is due to processes other than charge-exchange 
with plasma deuterons. The increment in this fraction due to impurities is 
AC * , ex „ ion, _ . , 
A f f , . ,„ = T, ( < o v \ - m „ " < Z > < o v > . ) - 0.05 . 
trap v a g f f imp D + 
The r e s u l t i n g a d d i t i o n a l power input i s 
AP = I. (1 - T) A f „ E = 220 kW , b trap b ' 
which i s ^15% of the t o t a l d e p o s i t e d power (us ing the plasma parameters of 
October 24, 1 9 7 7 ) . 
The i m p l i c a t i o n s of the e f f e c t s of oxygen on t h e power input may be 
cons idered . Recent 2XIIB r e s u l t s are changed l i t t l e by t h i s d i s covery . This 
increased power input impl i e s a 15% reduct ion i n the energy confinement t i m e , 
compared to t h e r e s u l t obta ined wi thout cons ider ing the oxygen. This r e s u l t 
i s w i t h i n the u n c e r t a i n t y of prev ious measurements. The i n c r e a s e i n power 
input per u n i t volume appl i e s to both small and l a r g e plasmas, and in con­
sequence does not change the e s s e n t i a l r e s u l t s of the plasma radius s c a l i n g 
exper iments . In g e n e r a l , whi le a 15% e f f e c t i s s i g n i f i c a n t , i t i s not sub­
s t a n t i a l enough to a l t e r major experimental r e s u l t s on t h i s type of d e v i c e . 
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VI. THE PLASMA. POTENTIAL AND NEON TRANSPORT 
A. In t roduct ion 
The plasma p o t e n t i a l should prevent the penetrat ion of impur i t ies along 
f i e l d l i n e s , and should quickly eject any low energy gas which s t r i k e s the 
plasma. These ef fec ts were not apparent i n the i n i t i a l EUV study of 2XIIB. 
To inves t i ga t e the e f fec t of the plasma p o t e n t i a l on impur i t ies i n 2XIIB, two 
neon- in jec t ion experiments were done. In the f i r s t , impurity pene t ra t ion 
was s tudied when neon plasma, streaming along f i e ld l i n e s , was used to s t ab ­
i l i z e 2XIIB. In the second, the penet ra t ion and t ranspor t of low-energy neon 
gas was examined by puffing neon gas r a d i a l l y across f i e ld l i nes toward the 
plasma. In both experiments, the expected e f fec t s were observed. Most of 
t h e in jec ted impuri t ies did not penet ra te or were poorly confined. These 
r e s u l t s axe the subject of th i s sec t ion . Appendix 6 contains a de ta i l ed 
desc r ip t ion of the conduct of these experiments,- along with a compilation of 
some of the data obta ined . 
B. Summary of Neon Streaming Plasma Pene t ra t ion 
The inject ion of neon streaming plasma showed that *:he pene t ra t ion of 
low-energy p a r t i c l e s along f i e ld l ines i s impeded when the h igh-dens i ty , 
beam-fueled plasma i s p resen t . The streaming plasma required to maintain 
the hot plasma was suppl ied by gas arc plasma guns operated with neon gas. 
When these gas guns were f i red through the magnetic mir ror , a low-energy and 
low-density plasma was produced. Standard plasma diagnost ics found 
T e *5 eV, n e i . 1.5 x 10 cm" 3, and Ej_ < 250 eV. Because of the low 
e l e c t r o n temperature, t h i s plasma was assumed to be e n t i r e l y Ne I I . 
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When the beam-fueled plasma was present , the amount of neon reaching 
the midplane was determined spec t roscopica l ly . The observed time develop­
ment, b r igh tnes se s , spa t i a l p ro f i l e s of neon emissions, and the neon densi ty 
are discussed in Appendix G. The amount of neon which reached the midplane 
was a small f r ac t i on (t>4%) of the previous value. This i s consis tent with 
the expected r e j e c t i o n of most of the neon by the plasma p o t e n t i a l . The 
cha rac t e r i s t i c s of t h i s plasma, s t a b i l i z e d using neon streaming plasma, a re 
compared with normal deuter ium-stabi l ized plasmas and with theo re t i ca l expec­
ta t ions in Appendix G. 
C. Descr ipt ion and Summary of Radial Puffing 
In t h i s s ec t ion , the r ad i a l neon-puffing experiment is summarized. 
F i r s t , the operat ion of 2XIIB for t h i s experiment i s described; and then the 
absorbtion of the neutra l neon f lux at the plasma boundary is evaluated. The 
data are summarized and analyzed i n l a t e r s ec t ions . The analysis and severa l 
of the measurements re not accurate to be t t e r than a fac tor of 2. However, 
the conclusions drawn from th i s experiment are not affected by factor-of-2 
v a r i a t i o n s . 
A pulsed valve near the midplane, located 55 cm from the plasma cen te r , 
was used to puff a cloud of neon gas toward the plasma. The r e su l t i ng neu­
t r a l neon dens i ty was measured with a fast i on iza t ion gauge when no plasma 
was p resen t . The extent of the gas cloud was measured to be large compared 
to the plasma dimensions. During the experiments, the neon gas was i n t r o ­
duced a f t e r the buildup of the high-densi ty plasma. The neon flux could be 
varied and i f i t was high enough the plasma was destroyed. The data analyzed 
below was obtained with low neon f luxes; the plasma was e i t he r i n steady 
s t a t e or was slowly decaying (with a 2-ms decay t ime) . 
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As described in Section III, interpretation of the observed brightnes­
ses requires knowledge of the electron density, the emitting region, and the 
electron temperature. The neon flux was assumed to have been attenuated in 
a shell located near the edge of the plasma, where the electron density is 
13 — 3 about 1.5 x 10 cm (+30%). Spatial scans of neon emissions showed 
profiles which were consistent with the absorbtion of most of the neon near 
the plasma boundary (r * R =9.3 cm); also, negligible emissions were ob­
served at radial positions beyond 10.5 cm. The neutral neon thus appears to 
have been ionized at radii near the plasma radius, R , where the electron 
p» 
density was i n f e r r ed from beam a t t enua t ion measurements to have been near 
13 —3 1.5 x 10 cm . This i s expected, because a 1/40-eV n e u t r a l neon flux i s 
13 —3 at tenuated more than 60% per centimeter i f the e lec t ron d e n s i t y i s 10 cm 
(and T > 30 eV or E- -v 10 keV). The uncer ta in ty in the e l e c t r o n densi ty i s 
due to uncer ta inty of the exact p ro f i l e s of electron dens i ty and neon i on i z ­
a t i o n . The s h e l l width Aw i s unimportant because i t i s not needed to compute 
the r e su l t s quoted below. 
To analyze the neon data, i t was assumed that the e l ec t ron temperature 
was about 50 eV i n the emitting region. The electron temperature has been 
observed to vary l i t t l e as radius inc reases (see sec t ion C3); i t was normally 
60 to 70 eV near the center of plasmas s imi la r to those observed here . In 
o o 
addition, the Ne V 571 A and Ne III 490 A lines had similar brightnesses and 
began to emit at nearly the same time. This indicates that Ne IV was being 
ionized quickly by comparison with the time response of the spectrometer 
system, which requires T £ 50 eV. (Tfi as low as 30 eV was not allowed 
by these data.) 
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D. Brightness Versus Loss Mechanism 
As is shown in this section, the measured neon brightnesses are 
consistent with the diversion of neon ions awa- " the 2XIIB midplane by 
the plasma potential, but cat with loss mechanisms that confine the neon for 
longer times. The observed brightnesses can be related to the neon loss 
mechanism, because the rate at which neon was deposited in the plasma is 
known from the neutral density measurements. If the neon was diverted by the 
plasma potential, so that the neon ions always flowed away from the midplane, 
only those ions deposited near the midplane would have been observed by the 
monochromator. In contrast, if the neon could flow out of the machine in 
either direction, the neon density at the midplane would have been much 
higher for the same flux of neon, since ions deposited along the entire 
plasma would contribute to it. Even longer neon confinement would have led 
to larger brightnesses. 
The observed brightnesses are tabulated in Table 7; they have uncer­
tainties of +50%. The sources of uncertainty include the calibration, the 
centering of the emission line on the spectrometer slit, and the background 
subtraction, which was based on the signal present before the neon was in-
0 . o 
troduced. He VI 402 A. emissions were less br ight than Se V 571 k emissions, 
and the 160-eV ioniza t ion po ten t i a l of Ne VI implies t h a t l i t t l e Ne VII was 
produced. The exc i ta t ion r a t e coeff ic ients i n the t a b l e were most graciously 
provided by Dr. J . Davis of NRL 39 . The neon l ine densi ty at the midplane 
(AwN) was estimated using Eq. (111-10) for only one s h e l l : 
4TB. 
AwN = 22 Aw N. = L i— . (1) 
i i n <av> 
e 
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TABLE 7. BRIGHTNESSES AND FLUXES DURING NEON GAS PUFFING 
State Line B <av> e x TN 
° i n15 , -2 -1 -1 ..-9 3 -1 ,,n15 -2 -K 
A 10 pn cm s sr 10 cm s (10 cm s ; 
50 Torr In Gas Gun Supply Line 
Ne I Ionization Gauge Measurement 83 
Ne II 460 1.5 4.1 35 
Ne III 490 1.9 9.3 8.5 
Ne IV 544 1.8 21 1.1 
Ne V 571 1.7 8.8 0.66 
i 100 Torr In Gas Gun Supply Line 
*f Ne I Ionization Gauge Measurement 170 
Ne II 460 
Ne III 490 3 13 
Ne IV 544 8.3 5.1 
Ne V 571 2.7 1 
The sun was taken over a l l observed neon s t a t e s , and the r e s u l t was t h a t 
11 - 2 AwN = 7 x 10 cm . The t o t a l neon l i n e d e n s i t y i s probably about t w i c e 
t h i s v a l u e , because the m e t a s t a b l e s t a t e s and Ne VI were not observed . 
The neon l i n e d e n s i t y can be r e l a t e d to the n e u t r a l neon f lux and t h e 
neon confinement t ime. I f the neon is d iver t ed away from the midplane of 
2XIIB, the neon l i n e d e n s i t y (AwN) at the midplane i s the neutra l neon f l u x 
times the average time a neon i on remains in the f i e l d of view of the s p e c ­
trometer . That i s , 
AwN = r Q JL/v , (2 ) 
in which v i s the neon v e l o c i t y . The p o t e n t i a l has only a small e f f e c t on 
^ 5 - 1 
the neon v e l o c i t y near the midplane , v = 10 cm s . The average d i s t a n c e 
an i o n t r a v e l s i n the f i e l d of view of the monochromator i s £ ( 1 . 5 cm). The 
1 fi —9 — 1 
n e u t r a l f l u x , r was measured to be 8 .3 x 10 cm s by us ing an i o n i z -
12 - 2 a t i o n gauge. Hence we p r e d i c t wN = 1.3 x 10 cm , i f the neon i s d iver t ed 
by the plasma p o t e n t i a l . This agrees wi th the v a l u e ind icated by the 
measurements. 
By c o n t r a s t , the measured neon l i n e d e n s i t y i s far below the va lue 
which would r e s u l t i f a l l the neon ions could flow out e i t h e r end of the 
machine. In t h i s case hal f the neon current s t r i k i n g the plasma would flow 
through t h e midplane i n a s e m i c i r c u l a r s h e l l . The neon d e n s i t y at the mid-
plane would be half the neon current divided by the neon v e l o c i t y d i v i d e d by 
the area of t h e sur face through which i t f lows: 
H - -M I 1 (•>) 
" ~ — v i F F ^ ( 3 ) 
P 
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The neon cur rent is the neutra l f lux times the c ros s - sec t iona l area of the 
plasma: 
1 H = r . 2R L Ne 0 p 
The length of the plasma i s L (40 cm). Thus 
AwN = r 0 L / P v ) (4) 
13 . . . . 
and we predict AwN = 1.1 x 10 . This prediction is eight times larger 
than the maximum value expected from the data (assuming the population of 
metastable states is equal to the ground state population). This is incon­
sistent with the data, even considering the uncertainties in data and anal­
ysis. We conclude that the neon deposited away from the midplane is diverted 
and never flows through it. 
E. Neon Fluxes and Neon Confinement 
A similar conclusion may be reached by a different analysis. It is 
possible to estimate the neon fluxes and to evaluate the neon confinement 
using the data. This is done below, and these estimates show that the neon 
ions quickly leave the midplane region, which is consistent with the exis­
tence of an ejecting potential. 
The inward flux of impurities deposited on the surface of a plasma is 
related to the rate at which they ionize into successively higher states. 
This relation is derived by considering the ionization rate equations. The 
rate equation for the neutral species is: 
dnT 
— = S - n e < o v > l n x + n D < a v > u n u , (5) 
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in which n is the neutral deuterium densi ty , and S i s the volume ra t e of 
deposi t ion. ( V = SAw i s the neu t r a l f lux.) For ionized s t a t e s : 
dn. 
1 <n. >10" „ CX 
— = n °v . , n. , - n <av>. n . dt e i -1 i -1 
n. ion c" - n <av>. n. + n_<av>. e 1 1 T> i -r i j.Tj. T . 
I I . 
cx i 
V ^ i + i n i + i - 77 ' ( 6 ) 
where T. i s the confinement time of s ta te i . In steady s t a t e , the r a t e 
equations for several s t a tes can be summed to y ie ld 
N dn. N n. 
V l „ v^ J- ion . .cx „ A d T = S - £ - - n e < < W > N + V^N+l Vl = ° i = l 1=2 l 
(7) 
Equation (7) can be in tegra ted along a line of sight tha t passes through one 
shel l of width Aw, to obtain 
Awn. 
n e « * > r A w "N " V ^ H + 1 A W V l = r 0 - E T T - ( 8 ) 
Now, r e a l i z i n g tha t 
A W n N " Sx" C 9 ) n < av > e N 
from Eq. ( I I I - 1 0 ) , we find 
4irB <av> ° n 4tB V i ,<av> IL N Awn. 
N M N+l N+l T) _ j, _ y> l (-in) 
ex ex 0 A T 
< av>N < av> B + 1 n e i-2 i 
The right side of Eq. (10) expresses the inward impurity flux in ionization 
state N as the neutral flux minus the decrease in flux due to the confinement 
losses out of the appropriate states. On the left, this flux is expressed as 
the quantity r , defined by 
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n - / — ion / ex / i , \ 
r N ~ 4 n B N < 0 V > N / < a v > N ' ( 1 1 ) 
minus a cor rec t ion for recombination processes . The cor rec t ion i s usually 
small . ( I t is a t most a 30% effec t for th i s experiment.) Thus, Eq. (10) 
expresses the important r e s u l t of t h i s ana lys i s . 
Three fur ther comments may be made regarding the implicat ions of 
Eq. (10). F i r s t , i f recombination processes (such as charge-exchange) can be 
neglected, and if confinement times a re long compared to i on i za t i on t imes, 
then r = r . This well-known formula [33] ca lcu la tes the p a r t i c l e flux 
as the photon flux (4IIB) times the average number of i on i za t i ons per photon 
^ < 0 v > N ^ < 0 v > N ^" Second, subs t an t i a l drops in r from one s t a t e to the 
next indica te confinement loss ra tes comparable to or g rea t e r than the i on i z ­
a t ion r a t e . Third, the confinement times x. may i n p r i n c i p l e be computed 
s t a r t i n g with the lowest ionized s t a t e . In th is experiment, the uncer ta in­
t i e s are too l a rge to use t h i s technique. 
The " f luxes" T for the observed neon s t a t e s are shown in F ig . 11 and 
were tabulated in Table 7. The quan t i ty r decreases very r ap id ly as ion­
i z a t i o n s t a t e i n c r e a s e s , ind ica t ing rapid loss of the neon ions . Decreases 
of r„ as charge s t a t e increased, l i k e those discussed h e r e , were observed 
on two other days. 
A very crude model of neon confinement can be compared with th i s da ta . 
If we assume neu t r a l neon to be confined for a s ingle fixed time t , then the 
f rac t ional fluxes ( r „ / r n ) can be computed. Figure 12 shows predicted 
f rac t iona l f luxes for fixed confinement times of 7 ys and 100 y s . The 
predic t ions for a 7-us confinement time f a l l close to the data (except for 
Ne V). The s c a l i n g of the 100-ys r e s u l t s i s , in c o n t r a s t , qu i te d i f ferent 
from the sca l ing of the data. This ind ica te s that most of the neon observed 
at the midplane has not been confined 100 y s . 
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Figure 11. The observed neon 
fluxes show a sharp decline as 
charge s t a t e inc reases , for two 
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Figure 12. The r e su l t s of a simple 
model suggest that the observed 
neon was confined for much less 
than 100 us . 
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In summary, on the basis of the neon brightnesses and neon fluxes, the 
neon gas injected radially into 2XIIB is diverted by the plasma potential and 
soon leaves the central plasma. In this way, the argument that mirror ma­
chines should eject impurities has been substantiated, for the low energy 
impurities which were originally considered. 
In closing, it should be noted that these results only apply to most 
of the neon. In both the radial and the axial experiments, different results 
are obtained for a few percent of the neon. For example, in the radial puf­
fing experiment some neon is observed on the side of the plasma opposite the 
gas valve. In addition, there is more Ne V and Ne VI in the plasma than we 
might expect. Further study of these exceptions may provide better under­
standing of the carbon and titanium transport and confinement in 2XIIB. 
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V I I . CONCLUSIONS 
T h i s s t u d y h a s shown t h a t an EUV d i a g n o s i s of a m i r r o r machine does 
p r o v i d e s i g n i f i c a n t new i n s i g h t ; i n p a r t i c u l a r , i t h a s shown t h a t a m i r r o r 
con f ined p lasma can c o n t a i n i m p u r i t i e s . The f i r s t s e c t i o n of t h i s s e c t i o n 
rev iews t h i s s t u d y , to h i g h l i g h t i t s impor t an t r e s u l t s . Our knowledge of 
i m p u r i t i e s i n m i r r o r m a c h i n e s , and of EUV e m i s s i o n s from them, has been s u b ­
s t a n t i a l l y i n c r e a s e d . In consequence i t i s a p p r o p r i a t e to examine t h e f u t u r e 
i n two r e s p e c t s . I t i s w o r t h w h i l e t o examine how t h e b a s i c t e c h n i q u e s of 
plasma s p e c t r o s c o p y developed by Hinnov, Griem, and o t h e r s , and t h e i n s t r u ­
m e n t a t i o n now be ing developed a t Johns Hopkins can be a p p l i e d t o m i r r o r 
machines i n t h e f u t u r e . In a d d i t i o n , t h e l i k e l i h o o d and e f f e c t s of impur­
i t i e s i n f u t u r e m i r r o r p lasmas can be a s s e s s e d w i t h more conf idence t h a n was 
p o s s i b l e b e f o r e . The second s e c t i o n of t h i s s e c t i o n c o n s i d e r s t h e e f f e c t s 
of i m p u r i t i e s i n m i r r o r r e a c t o r s from a gene ra l s t a n d p o i n t . The t h i r d 
s e c t i o n a d d r e s s e s t h e problem of i m p u r i t i e s and t h e uses of EUV s p e c t r o s c o p y 
i n t h e Tandem M i r r o r Exper iment (TMX). F i n a l l y , p o s s i b l e EUV d i a g n o s t i c s f o r 
t h e M i r r o r F u s i o n T e s t F a c i l i t y (MFTF) a r e d i s c u s s e d i n t h e f i n a l s e c t i o n . 
A. Summary of These R e s u l t s 
The EUV emiss ions from t h e c e n t r a l plasma i n 2XIIB were measured u s i n g 
a n o r m a l - i n c i d e n c e s p e c t r o p h o t o m e t e r . Emiss ion l i n e s of, oxygen, t i t a n i u m , 
c a r b o n , and n i t r o g e n were i d e n t i f i e d on t h e b a s i s of sho t t o sho t s p e c t r a l 
s c a n s . The obse rved b r i g h t n e s s e s were q u i t e l a r g e by comparison w i t h t h o s e 
r e p o r t e d from o t h e r fus ion r e s e a r c h p lasmas . Oxygen was t he dominant im-
• o 
p u r i t y ; t h e 0 V 630 A and 0 VI 1032 A emiss ion b r i g h t n e s s e s were o f t e n l a r g e r 
18 —1 —7 —1 
t h a n 10 ph s cm s r The oxygen c o n c e n t r a t i o n was a few p e r c e n t i n 
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the 2XIIB plasma, i n s p i t e of the plasma p o t e n t i a l , because the oxygen was 
injected by the neu t ra l beams. The oxygen i s very e n e r g e t i c ("\<10 keV), and 
o 
t h e spa t i a l p r o f i l e of 0 I I 539 A emissions shows that neu t r a l oxygen pene­
t r a t e s deep in to the plasma. The 0 I I emissions also depend on beam current 
in a manner cons i s ten t with beam i n j e c t i o n of the oxygen. Neon was injected 
in to 2XIIB, e i t h e r as gas puffed r a d i a l l y or as plasma streaming along f i e l d 
l i n e s , and the observed neon emissions behaved quite d i f f e r e n t l y from those 
of oxygen. The oxygen i s injected with a large ve loc i ty perpendicular to the 
magnetic f i e ld , so i t is well-confined by the magnetic mi r ro r s . In conse­
quence, the small f ract ion of oxygen in the neutral beams r e s u l t s in a small 
f rac t ion of oxygen i n the plasma. 
Because of i t s high energy, the oxygen i s not s u b s t a n t i a l l y affected 
by the plasma p o t e n t i a l . The po t en t i a l should act to reduce the concentra­
t ions of most i m p u r i t i e s . The neon in j ec t i on experiments subs tant ia ted t h i s 
hypothesis. The neon streaming plasma was kept from pene t r a t i ng , and the 
r ad ia l neon flux was diverted and e j e c t e d . The 2XIIB mirror machine thus 
worked as expected: low-energy impur i t ies were poorly confined. 
However, some other mechanisms that affect the impur i t ies in 2XIIB are 
not understood. When the neon gas was puffed r a d i a l l y , a small f ract ion of 
the neon ions were apparently confined a long time. The carbon and t i tanium 
in 2XIIB are not in jec ted by the n e u t r a l beams, and are not injected by the 
streaming plasma guns. Yet these impur i t i es show s t eady - s t a t e concentrations 
of a few tenths of a percent , and the carbon energy is severa l keV. These 
effects are poss ib le topics for future resea rch . I n t e r e s t i n g physical mech­
anisms may be involved, and the poss ib le impurity problems in a reactor can­
not be ful ly assessed un t i l these mechanisms are understood. 
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B. A General Discussion of Impur i t ies i n Mirror Reactors 
Impuri t ies have at l eas t three s igni f icant harmful effects i n mirror 
r eac to r s : They inc rease the e lec t ron density r e l a t i v e to the ion density; 
they r ad ia t e energy; and they s c a t t e r the ions . 
The f i r s t two effects are shared with a l l fusion r eac to r s ; the th i rd is 
s igni f icant because mirror machines have a loss cone. These effects are d i s ­
cussed below. In general , mirror reactors achieve high power densi t ies and 
are in consequence r e l a t i v e l y t o l e r a n t of the power losses due to impur i t i e s . 
The impuri t ies i n 2XIIB enhanced the power deposited by the neutral beams; 
but t h i s effect w i l l be much smaller i n r eac to r s , because ionizat ion proces­
ses become more important than charge-exchange as the in jec t ion energy 
increases . 
Impuri t ies increase the e l ec t ron density r e l a t i v e to the ion densi ty , 
which can decrease the ion confinement. If the densi ty of t o t a l l y stripped 
oxygen i s 2% of the deuterium (and t r i t i um) dens i ty , the e lec t ron density i s 
116%. Titanium, which has 25 e l e c t r o n s , has a much la rger ef fec t . The i n ­
creased e lec t ron densi ty increases the cooling of the i o n s . The ion confine­
ment time should be limited by ion- ion s ca t t e r i ng , and depends on the ion 
energy to the 3/2 power. In consequence, cooling the ions decreases the ion 
confinement time. The de ta i led mechanisms by which t h i s takes place would 
vary depending on the device. 
Impurity r ad i a t i on could l i m i t the performance of mirror r eac to r s , but 
these machines can to l e ra t e reasonable impurity concent ra t ions . Radiation 
power-loss est imates are compared with other power dens i t i e s of in t e res t i n 
Table 8. The rad ia t ion power dens i ty per percent impurity concentration is 
estimated as 
P = 0.01 n 2 L (W - cm"3) (1) 
e 
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TABLE 8. MIRROR REACTOR POWER DENSITIES 
Reactor Type and 
Power Densi ty 
(W - 3 , cm ) 
Impurity Radia t ion 
Power 
(W - cm - percent 
Field Reversed Mirror 
Pfusion a, 1000 
Tandem Mirror Plug 
Pbeara * 300 
Tandem Mirror Solenoid 
^fusion "" "I 
Beam-Driven Thermonuclear Tokamak 











i n which L i s taken from Post ^ t ail. [ 4 0 ] . The fusion power dens i t i e s were 
taken from recent reac tor studies [41-43] . (For the tandem mirror reactor 
plug, the deposited n e u t r a l beam power i s more r e l evan t . ) The f ie ld- reversed 
mirror reactor [ 4ll , which confines ions in a region of closed f i e l d l i ne s , 
i s qui te to lerant of impuri t ies because i t has a tremendously high power 
dens i ty . The end plug of the tandem mirror reactor [42] , which i s used to 
prevent the loss of ions from a long so lenoid , is so s t rongly heated by neu­
t r a l beams t h a t , as i n 2XIIB, impurity r ad i a t i on should not be a major prob­
lem. The solenoid of the tandem mirror r e a c t o r , which produces the fusion 
power in that device, is more s ens i t i ve to impurity r ad ia t ion , but could ap­
paren t ly withstand r a d i a t i o n losses from a few percent of oxygen or a few 
tenths of a percent of i r o n (which i s l i k e t i t an ium) . I t is seen in the next 
sec t ion that the tandem mirror experiment (TMX), which is intended to 
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demonstrate t h e tandem mirror concept i n a scalable geometry, may require 
lower impurity concentrat ions than the reactor w i l l . For comparison, Table 
8 also shows power dens i t i e s for a beam driven thermonuclear tokamak [ 43 ] 
( t h i s device was assuaed to have a minor radius of 1 m). The tokamak, be­
cause of i t s low fusion power dens i ty , would be more severe ly affected by a 
given concentrat ion of impurit ies than the mirror r eac to r s would be. 
The power l o s t from a mirror reac tor plasma due to t h e s c a t t e r i n g of 
deuterium ions i n t o the loss cone by impuri t ies should be unimportant, be­
cause of the energy dependences of Coulomb processes. The plasma po ten t i a l 
should quickly e j ec t low energy impur i t i e s , and high energy impuri t ies have 
weak e f fec t s . The power loss per un i t volume due to s c a t t e r i n g is 
loss + + s c a t t 
Using the equation for the s c a t t e r i n g l i f e t ime from Table 2, (which may 
underestimate t for high e n e r g i e s ) , and assiming a deuter iaa plasma, 
we f i nd 
N (n„ ) /M Z? x 1.6 x 1 0 _ 1 9 
p = D JEE 
l o S S 5 x 1 0 1 0 / E . 2 l o g 1 n R ' 
imp °10 m 
in which N, M, Z. , and E- are the densi ty , mass (amu), charge, and imp imp 
energy (keV) of the impuri ty. Assuming the effect ive mir ror r a t i o , R , to 
be 2, the power lo s s per unit volume per percent impurity concentration i s 
2 
Pscatt " 0 ' 0 1 * \ x 5 x 1 0" 3° F - s 0.01 n 2 + Q • 2 imp D 
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As the impurity energy must be well above the e lectron temperature (^50 keV) 
for the impuri t ies to penetrate the plasma, we can es t imate E. **> 100 keV 
and M ,v56 ( i ron) to get 
Q <\. 4 x 10 Z (W - cm ) . 
The comparable f ac to r for r ad i a t ion power loss L, defined above, i s 
L i 7,4 i 10 J U Zz (W - cm ) 
for electron temperatures in t h i s range (based on Ref. [ 4 0 ] ) . I t is t he re ­
fore seen t h a t , i n mirror r eac to r s , l o s ses due to s c a t t e r i n g should not be 
large by comparison wi th those due to r a d i a t i o n . 
C. EUV Diagnosis of the Tandem Mirror Experiment (TMX) 
We begin our discussion of the poss ib l e EUV diagnosis of TMX by 
evaluating the p o t e n t i a l impurity problems of th is experiment. Then, the 
ways i n which EUV diagnost ics could he lp evaluate other aspects of tandem 
mirror operation are discussed. 
The tandem mir ror experiment i s composed of two 2XIIB-type mirror 
machines (plugs) connected by a 5-m solenoidal sect ion [ 44 ] . The plugs 
should be l ike 2XIIB, and, l i ke 2XIIB, should not suffer from impurity-
re l a t ed d i f f i c u l t i e s . The deuterons i n t h e solenoid w i l l be well-confined 
by an e l e c t r o s t a t i c w e l l . Impurit ies should also be well-confined i n the 
solenoid, and t h i s may lead to d i f f i c u l t i e s . 
The f rac t ion of impurit ies i n the solenoid necessary to r ad ia t e a l l the 
power deposited i n t h e TMX end plugs can be estimated. Balancing power input 
t o radiated output : 
r" = r E„ = P, = n 2 V Lf 
d tp t rap t r a p loss c c 
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As the impuri ty energy must be well above the e lec t ron temperature (i<50 keV) 
for the impur i t ies to pen 
and M ^56 ( i ron) to get 
netrate the plasma, we can es t imate E. ^100 keV 
imp 
—Ifl 9 +1 
Q <x, 4 x 10 Z (W - cm ) . 
The comparable fac to r for r ad i a t ion power loss L, defined above, i s 
L T- 7.4 x 1 0 ~ 3 0 Z 2 (W - cm3) 
for e lec t ron temperatures in t h i s range (based on Ref. [ 4 0 ] ) . I t is t he re ­
fore seen t h a t , i n mirror r e a c t o r s , losses due to s c a t t e r i n g should not be 
large by comparison with those due to r ad ia t ion . 
C. EuV Diagnosis of the Tandem Mirror Experiment (TMX) 
We begin our discussion of the poss ib le EUV diagnosis of TMX by 
evaluating the po ten t i a l impurity problems of th is experiment. Then, the 
ways in which EUV diagnostics could help evaluate other aspects of tandem 
mirror operat ion are discussed. 
The tandem mirror experiment i s composed of two 2XIIB-type mirror 
machines (plugs) connected by a 5-m solenoidal sec t ion [ 44 ] . The plugs 
should be l i k e 2XIIB, and, l i ke 2XIIB, should not suffer from impurity-
re la ted d i f f i c u l t i e s . The deuterons i n the solenoid w i l l be well-confined 
by an e l e c t r o s t a t i c we l l . Impuri t ies should also be well-confined in the 
solenoid, and t h i s may lead to d i f f i c u l t i e s . 
The f r a c t i o n of impurit ies i n the solenoid necessary to rad ia te a l l the 
power deposi ted i n the TMX end plugs can be est imated. Balancing power input 
to radiated output : 
P, = I„ E k = P, = n 2 V Lf 
dep t r ap t r a p loss c c 
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In th is equa t ion , the deposited power (480 kW) is the trapped bean current 
(16 A) times the average energy of trapped pa r t i c l e s (^30 keV) [45] and the 
power r ad ia ted , using Eq. (1 ) , is t h e square of the solenoid densi ty 
13 —3 (n = 1,2 x 10 cm ) times the impuri ty f rac t ion ( f ) , the solenoid volume 
ft q 
(V = 1.7 x 10 cm ) , and the cooling r a t e (L). The cooling r a t e depends on 
the e lec t ron temperature Light impuri t ies (such as oxygen rad ia t e s t rongly 
at low temperatures (T * 50 eV), but as T approaches 200 eV, t he i r 
radiated power becomes i n s i g n i f i c a n t . By con t r a s t , t i tanium radiates 
strongly a t a l l temperatures expected in TMX. If the e l ec t ron temperature i s 
50 eV, a 2% concentrat ion of l i g h t impuri t ies would r a d i a t e a l l the deposited 
—25 3 
power (L <\, 10 W - cm ) . With an e l e c t r o n t e m p e r a t u r e of 200 eV, t h e 
l i gh t impurity r ad i a t i on w i l l be i n s i g n i f i c a n t (except poss ib ly from the 
plasma boundary), but a t i t s n i u n concentrat ion of 4% would r a d i a t e a l l the 
deposited power. These simple es t imates make i t c lear t h a t impurity rad ia ­
t ion power loss could be a major f ac to r i n the TMX power balance. 
The sources of impuri t ies i n TMX are worthy of cons idera t ion . Ions 
which have been magnetical ly trapped i n the end plugs should seldom flow i n t o 
the solenoid, as a r e su l t of de t a i l ed considerat ions of ion confinement [ 4 2 ] . 
This means tha t the neutral-beam-injected oxygen should flow out of the 
machine, and should otherwise behave very much as i t does in 2XIIB (see 
Section V). Impuri t ies generated at the end wal ls of TMX should be kept out 
of the solenoid by the high p o t e n t i a l of the plugs , and should in consequence 
cause n e g l i g i b l e power l o s s . In c o n t r a s t , impuri t ies produced by sput te r ing 
from the r a d i a l walls of TMX may be deposited i n t h e solenoid, if they are 
ionized between the midplanes of the two plugs. The carbon and t i tanium in 
2XIIB may have r e su l t ed from wa l l - spu t t e r ing (see Appendix F ) . In conse­
quence, i t i s poss ib le tha t carbon and t i tanium sput tered from the r a d i a l 
walls of TMX w i l l r ad ia t e s u b s t a n t i a l power. 
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The impurity radiation from the solenoid can be measured using EUV 
spectroscopy, and several other aspects of tandem mirror physics can also be 
invest igated. Table 9 summarizes useful EUV ins trim entation for TMX. These 
instruments either ex i s t , are under development, or are straightforward 
applications of proven designs. Some of the experiments they make possible 
wi l l now be described: 
(1) The time-resolving spectrograph (now under development at Johns 
Hopkins) w i l l be able to measure many lines simultaneously. The time 
development of impurity concentrations and power loss can then be determined 
on each shot. The effects of various techniques of machine operation on 
impurity concentrations and power loss can be evaluated, and shots i n which 
impurities are significant can be readily ident i f i ed . 
(2) The addition of a spectrometer on an end plug makes possible the 
evaluation of two additional e f f ec t s . Whether part ic les trapped in the plug 
do flow only out the end of the machine, as predicted, can be evaluated by 
in jec t ing an impurity i n the neutral beams. The axial confinement of highly 
charged impurities can also be tested by introducing impurities i n the 
solenoid. 
(3) If the spectrometer on the plug has the capacity to measure at 
least three oxygen emission l ines simultaneously, i t can be used to monitor 
the plug oxygen and also to measure the time development of the electron 
temperature by the method described in Section V. 
(4) A spatial-imaging and time-resolving monochromator wil l be in ­
s ta l l ed on the TMX solenoid. This instrtment can provide information about 
the electron temperature-profile (assisting the expected electron-density data 
is ava i lab le ) , by determining the shell structure of the impurities. In ad­
di t ion , i t can evaluate the radial transport of impurities during impurity 
inject ion experiments. 
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TABLE 9. USEFUL INSTRUMENTATION FOR TMX 
Instrument Location Applications 
Time Resolving Spectrograph Solenoid Concentrations and Power Loss 
Spatial Imaging Monochromator Solenoid Impurity Transport, T Profiles 
High Resolution Spectrometer Solenoid Impurity Ion Temperatures 
Three Channel Oxygen Spectrometer Plug T Versus Time, Oxygen Studies 
i 
1 Lyman Alpha Spectrometer Movable Cold Gas Fluxes 
Single Channel Monochromator Movable Transport Studies, Precision Photometry 
(5) A h igh- re solut ion spectrometer, using ? v i b r a t i n g mirror or p l a t e , 
can measure the impurity ion temperatures in the end plug or solenoid. As 
the impuri t ies should be i n thermal equilibrium with t h e ions and e lec t rons 
in the so lenoid , t h i s can be an ion temperature measurement. In the plug, 
the ve loc i ty d i s t r i b u t i o n of the beam injec ted oxygen ions may ind ica te what 
processes are affect ing them. 
(6) A Lyman alpha spectrometer can d i rec t ly measure the cold neu t r a l 
flux to the plasma, if the flux of high energy n e u t r a l s i s small at a given 
place or t ime. This can help eva lua te the p a r t i c l e and energy balance of 
the plasma, as well as the problem of wall re f lux . 
(7) F i n a l l y , impurity i n j e c t i o n experiments, diagnosed using the EUV 
instrumentat ion jus t described, can be performed to study t ransport mechan­
isms. By appropr ia te choice of impurity species and energy, and of TMX 
operating cond i t ions , such experiments may allow us to t e s t theories of 
t ranspor t across f i e l d l i n e s , which are very important for alpha p a r t i c l e 
transport and impurity removal i n r e a c t o r s . 
D. EUV Diagnosis of the Mirror Fusion Test F a c i l i t y (MFTF) 
The Mirror Fusion Test F a c i l i t y (MFTF) is a s i n g l e - c e l l mirror machine 
that i s much l a rge r than 2XIIB [ 4 6 ] . I t i s designed to t e s t the sca l ing of 
ion confinement i n mirror devices ; EUV diagnostics can be used to study four 
different pa r t s of this machine. These are the cen t ra l plasma, the r a d i a l 
boundary, the region j u s t i n s i d e the mirrors , and the end fans outside the 
mi r ro r s . They are considered i n t u r n . 
The cen t ra l plasma in MFTF i s expected to be dense (n *> 10 cm ) 
and hot (T. *»• 50 keV, T * 700 eV). The mechanisms which allow titanium and l e 
carbon to e x i s t i n 2XIIB are not understood, and these elements should be 
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s tudied to evaluate poss ible problems i n a r eac to r . Given the expected e l e c ­
t ron temperature, a grazing incidence spectrograph i s needed to e f fec t ive ly 
study impuri t ies i n the cent ra l plasma (a grazing-incidence t ime-resolving 
spectrograph would be des i rab le , but may not exist soon enough). In addi­
t i o n , a high-re so lu t ion spectrometer could monitor the v e l o c i t y d i s t r i b u t i o n 
of the beam injec ted oxygen as plasma condit ions (dens i ty , temperature , f l u c ­
t u a t i o n leve l ) are changed. As a r e s u l t , the a b i l i t y to model the processes 
t h a t affect energy dif fus ion could be t e s t e d . 
The rad ia l plasma boundary i s important because p a r t i c l e s and energy 
can be t ransported through i t , and knowledge of i t affects the accuracy of 
global measurements. In addi t ion, r ad i a l ion t ransport may be important in 
MFTF (ion confinement i n 2XIIB is not well understood). Ind ica t ions of the 
e lec t ron densi ty and temperature p r o f i l e s i n th i s region may be obtained 
using a spa t i a l imaging and time re so lv ing monochromator. The e f fec t s of 
wall conditions and spu t t e r ing on the gas and impurity fluxes to the plasma 
boundary can be inves t iga ted using a normal incidence time reso lv ing spect ro­
graph, which can monitor emissions from low ion iza t ion s t a t e s and Lyman alpha 
i n the boundary r eg ion . 
The hot plasma does not extend a l l the way to the magnetic mi r ro r s , 
and the in tervening region i s important fo r several poss ib le s t a b i l i z a t i o n 
schemes. If we can deposit pa r t i c l e s i n t h i s region and by some mechanism 
prevent the i r escape through the m i r r o r s , t h e s t a b i l i z i n g stream can be 
provided without excessive heat loss to the end wa l l s . When t h i s i s t r i e d , 
Lyman alpha measurements would help i n v e s t i g a t e the hydrogen dynamics, and 
the impurity emissions wi l l indicate whether impuri t ies then accumulate i n 
t h i s region. A normal-incidence monochromator and a Lyman alpha spectrom­
e t e r , or a t ime-resolving spectrograph, can be used for t h i s . 
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F i n a l l y , the end-fan plasma, outs ide the mir ror , i s important because 
i t conducts power away from the cen t r a l plasma. The accumulation of impuri­
t i e s there may a f fec t both the e l ec t ron power balance and the penetrat ion of 
impuri t ies i n t o the centra l plasma. An EUV monochromator could be used to 
inves t iga te these i s s u e s . 
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APPENDIX A. ION IMPACT COLLISION PROCESSES 
Al . In t roduct ion 
As described i n Section I I , the ion v e l o c i t i e s i n 2XIIB are about 20% 
of the electron v e l o c i t i e s . As a r e s u l t , ion co l l i s ion processes were ca re ­
f u l l y evaluated. The r e s u l t s are repor ted h e r e . In summary, ion impact ex­
c i t a t i o n and ion iza t ion are not important fo r most of the i o n i z a t i o n s t a t e s 
observed. 
There exis t th ree bas ic types of cross sect ion es t imates for ion impact 
c o l l i s i o n processes [47] . Quantum mechanical es t imates , based on the Born 
Approximation or simple per turbat ion theory , are too simple and do not agree 
well with the experimental data. Exact c l a s s i c a l ca lcu la t ions do somewhat 
b e t t e r , but overestimate the effects of long range c o l l i s i o n s . The c l a s s i ca l 
ca lcu la t ions of Gryzinski [ 4 8 ] , as assessed by Stabler [ 4 9 ] , come c loses t to 
agreement with the experimental data , as a r e s u l t of an ad hoc assumption 
made by Gryzinski. Gryzinski 1 s c a l c u l a t i o n s , which w.Te used h e r e , are ex­
pected to agree with t h e actual cross sec t ions to within a f ac to r of 2 for 
ion ve loc i t i e s wi thin a fac tor of 5 of the o rb i t a l - e l ec t ron v e l o c i t y . The 
important ion v e l o c i t i e s i n 2XIIB are i n t h i s range. Although the cross 
s ec t ion is less well known near th reshold , i t is known to be smal l . 
The c l a s s i c a l desc r ip t ion of these c o l l i s i o n s (which are pr imari ly a 
b inary Coulomb process) can be summarized. The target atom imposes a r e fe r ­
ence frame on the c o l l i s i o n , wi thin which the electrons and bombarding ions 
can have a wide range of v e l o c i t i e s . The energy exchange due to co l l i s ions 
i s l a rges t when the speed of the bombarding ion almost equals tha t of the 
o r b i t i n g electron (assuming an i so t rop ic d i s t r i b u t i o n of r e l a t i v e 
v e l o c i t i e s ) . The e l ec t ron has a ve loc i ty given appro-d.mately by 1/2 m 
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o 
v = U, the ioniza t ion p o t e n t i a l . The "Coulomb v e l o c i t y function" [48] 
determines the basic shape of the cross sec t ion: 
L2 / 2 \3/2 
f v tt)W 
A2. Calcula t ion Method 
The r a t e coeff icients for these processes were evaluated using the 
expression 
;av> = N I a v f (v) d v (Al) 
The cross sec t ion i s averaged over the e lectron v e l o c i t i e s and c o l l i s i o n 
angles, so v is the ve loc i ty of the bombarding ion and f(v) i s i t s ve loc i t y 
d i s t r i b u t i o n . N is the number of electrons i n the outer shel l of the t a r g e t 
ion. In 2XIIB, the only s i g n i f i c a n t ion motion i s perpendicular to the mag­
ne t i c f i e l d , and there i s azimuthal symmetry, so Eq. (Al) becomes 
< av> = 2TTN / 0 v 2 f(v) dv , (A2) 
in which v is now veloci ty perpendicular to B, and f (v ) is normalized i n two 
dimensions. 
A loss-cone-vuloci ty d i s t r i b u t i o n was used for the 2XIIB ions . I t 
corresponds to the measured d i s t r i b u t i o n and has a lso been used by 
Turner [ 7 ] . I t i s given by 
v 2 - y 2 / v H f (v) = 2 - j e H (A3) 
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in which v„ = (<E>/M) 1 ' 2 . Velocit ies below 2 x 10 7 cm s - 1 (500 eV) and n 
o _ i 
above 2 x 10 cm e (40 keV) were ignored. 
A3. Ionization 
The deuteron-impact ionization rate coeff ic ients were calculated using 
the formulas of Gryzinski: 
and 
G = f 
l+v? /v 2 "• 
i n which 
. + v x max / ej 
i e * 
»(»-rf-)['-(rf-j 
\ max/ * max/ 
\ 2 
A E = 4 u(^i) (i +?*.) max \ v / \ v. ) x e N I -
i s the maximum energy which can be transferred in such a c o l l i s i o n . 
( a n = 6.56 x 10~ eV 2 cm . ) For U > AE , a = o. This cross section was U max 
substituted into Eq. (A2) and the integration was done numerically. 
The rate coeff ic ients are shown i n Table Al, Electron impact ioniza­
t ion rate coeff ic ients are also given, for an electron temperature of 30 eV. 
As T i s usually higher, these are lower l i m i t s . In general, deuteron 
impact ionization is unimportant. However, ionization calculations for neu­
tra l atoms and s ingly charged ions should consider deuteron e f f e c t s . Only 
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TABLE Al. ION IMPACT IONIZATION (OUTER SHELL) 
Electron 
State Ui(eV) N Ion Impact3 Impactb 
<av > <ov> 
T e = 30 eV 
D I 13.6 1 4.91 X IO-" 1.81 X 10-8 
0 I 13.6 4 1.96 X 10-8 3.98 X 10-8 
0 II 35.1 3 5.15 X 10-10 6.49 X 10-9 
0 III 54.9 2 4.81 X lo-n 1.33 X 10-9 
0 IV 77.1 1 4.13 X 10-12 2.73 X 10-10 
0 V 113.9 2 6.72 X ID"" 3.45 X 1 0 - n 
0 VI 138.1 1 6.97 X i o - i * 5.13 X 10-12 
Ne I 21.6 6 6.40 X 10-9 1.19 X 10-8 
Ne II 41.1 5 4.45 X 10-10 2.81 X 10-9 
Ne III 63.5 4 4.69 X lo-n 9.44 X 10-10 
Ne IV 97.0 3 3.08 X 10-12 1.74 X 10-10 
Ne V 126.3 2 3.00 X 10-13 2.84 X lo-u 
Ne VI 157.9 1 1.85 X i o - i * 3.96 X 10-12 
^Computed using formulas of Gryzinski 
^Tabulated by Lotz 
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these spec ies , which have low ioniza t ion p o t e n t i a l s , contain e l ec t rons that 
move slowly enough to be s i g n i f i c a n t l y affected by the deuterons i n 2XIIB. 
More highly ionized s p e c i e s , such as 0 VI, would only be affected by ions 
moving much fas te r than those in 2XIIB. 
Table A2 shows est imates of double i on i za t i on r a t e coe f f i c i en t s using 
the approximation <cv> "* o(v) * v . Double i on i za t i on is the process in which 
two e lect rons are l i b e r a t e d as the r e s u l t of the in t e rac t ion of a t a r g e t atom 
wi th one bombarding p a r t i c l e . For a l l ions in 2XIIB th i s process is qui te 
smal l ; however, i t may be s ign i f i can t for n e u t r a l atoms. The cross sect ion 
o 
is est imated assuming an atomic radius of 1 A, and the dominant e f fec t i t 
inc ludes (80%) is second ioniza t ion by the bombarding ion [ 48l , i n which the 
ion f rees two e lec t rons i n successive c o l l i s i o n s . 
TABLE A2. DOUBLE IONIZATION BY ION IMPACT 
S t a t e n g U i » U 2 CT^ 
(eV) (cm3 s " 1 ) 
0 1 8 13.6 ,35.1 
Ne I 10 21.6,44 
O i l 7 35 .1 ,54 .9 






I D " 1 0 
A4. Deuteron Impact Exci ta t ion 
The c l a s s i c a l computation of exc i t a t ion r a t e coef f ic ien t s i s more 
complicated. The cross sect ion r e s u l t s from an i n t e g r a l , 
a = / a £ ^ d E (A4) 
i n which a (v) i s the d i f f e r en t i a l cross sect ion for t r ans f e r of energy E. 
U and U. . are the exc i ta t ion energies of the t r a n s i t i o n under consider­
a t ion and the next t r ans i t i on of higher energy. The d i f f e r e n t i a l cross 
sect ion i s 
aE £ 3 
G' 
in which 




5 + I la ( 2 . 7 * ^ ) 





The numerical in tegra t ion of Eq. (A3), computing a for each ve loc i ty 
using Eq. (A4), gave values fo r<ov> . Table A3 shows these r e s u l t s , and 
compares them with typica l e lectron impact exc i ta t ion r a t e coef f i c ien t s . I t 
is seen tha t although deuteron impact exc i t a t ion may con t r i bu t e , i t s e f fec t 
i s small compared to the uncer ta in t i e s in the e lec t ron impact exci ta t ion r a t e 
coe f f i c i en t s . These rate coef f ic ien ts also are used in ca lcula t ions tha t 
introduce s i g n i f i c a n t addit ional u n c e r t a i n t i e s . As a consequence, deuteron 
impact e x c i t a t i o n was not included i n the analysis of these data . 
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TABLE A3. DEUTERON IMPACT EXCITATION RESULTS 
e x e x 
< a v > <av> 
D e~ 
- 9 3 - 1 - 9 3 -
S t a t e A Feature 10 cm s 10 cm s 
0 VI 1034 Doublet 4 . 2 1 2 8 . 0 
0 V 630 Line 2 .70 2 9 . 5 
0 VI 554 M u l t i p l e t 2 . 0 8 1 3 . 1 
0 I I I 703 M u l t i p l e t 2.46 1 0 . 9 
0 I I 539 M u l t i p l e t 0 . 4 3 4 . 1 
N V 1240 Doublet 7 .31 3 6 . 3 
C IV 1548 Doublet 14 .3 6 2 . 7 
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APPENDIX B. THE NEUTRAL DENSITY IN 2XIIB 
Bl. Introduction 
The neutral-beam fueling of 2XIIB establishes a large neutral density. 
This neutral density is significant because it results in a high charge-
exchange rate. The charge-exchange rate affects population distributions and 
enters into the model of beam injection of oxygen (Section V). 
As the calculations above involve averages over the central plasma, the 
average neutral density is needed. This density can be estimated using well 
known global currents and transit times. The total number of neutrals in the 
plasma is the product of the neutral current and the average transit time of 
these neutrals (or equivalently the average distance they travel divided by 
their mean velocity). Dividing by the plasma volume yields the average neu­
tral density. This calculation is carried through below. 
B2. Calculation of Neutral Densities 
Three groups of neutral particles contribute to the neutral density. 
These are: (i) Neutral-beam atoms which pass through the plasma, (ii) Beam 
atoms which undergo charge-exchange, (iii) Beam atoms which are ionized. 
(i) The transmitted component of the beam is 
_/ ne d l W 1 ' 4 1 
This formula i s determined from the r e s u l t s of a computer code wri t ten by 
W. C. Turner which evaluates neutral-beam transmission. 
( a e f f = 1.54 x 10~ 1 5 cm 2 .) 
- 87 -
The central plasma is the region with r < R (the reasons for this are 
explained in Appendix C). The average transit time is the length of the 
average chord traversed divided by the mean velocity. Thus 
L R
 2 R
P " - i W 2 
V V 
in which y_ = the distance from the axis the beams are aimed. The quantity 
n 
/l - (y./R ) varies slowly and has a typical value of 0.94 (y Q = 3 cm; 
9 R = 8.5 cm). The plasma volume,V, is irR L so P P 
I b T t 2I b T 2 1.88 I bT 
nt = ~Y— = ^R"T / L ' (W = uvRL 
P P 
(ii) The neutrals that undergo charge-exchange behave as follows: 
they penetrate some distance into the plasma, then charge-exchange, then 
either escape, ionize, or charge-exchange again. The latter two processes 
are complicated, but fortunately for the calculations they affect only a 
small fraction of the neutrals. 
As may be seen in Fig. Bl, the beam neutrals which are attenuated 
travel an average distance of about 0.7 R into the plasma first. After a 
charge-exchange event, the resulting neutral travels an average distance 
<R before escaping. (This distance is reduced by ionization events but 
is increased by further charge-exchange.) The total average distance charge-
exchange participants travel as neutrals in the plasma may be estimated as 
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Figure Bl. The transmission of the neutral beams through plasmas 
of various line densities is shown. A Gaussian spatial 
density profile was assumed. 
Now one can write 
1 = f 1.(1 - T) : f = 0.75 ex ex b ' e x 
(1.5 + 3) R 
£ ; V = * R 2 L 
I, (1 - T) f t f (1.5 + 0.3)1. (1 - T) b ex ex ex — b 
ex V 7rvR L 
P 
(iii) The neutral beam atoms which become ionized travel only the 
average initial distance = (0.7 + 0.15) R into the plasma. Thus 
- p 
I. = f. I, (1 - T) = (1 - f ) 1,(1 - T) ion l b ex b 
(0.7 + 0.15) R 
t. = = E 
n. = (1 - f )(0.7 + 0.15) I, (1 - T)/(irv R L) ion ex — b p 
The total average neutral density is the sum of these three components. 
This is 
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« D-,-^TU.88T +4f-.<1.5±0.3) |l.88T + if 
+ (1 - f ) (0.7 + 0.15)| (1 - T) 
•-D " ( 1- 3 + °- 6 T ) ̂ T F T i o.4(i - t) ̂  (Bi) 
The resulting values of tL for three days of interest are shown in Table 
Bl. L was taken to be 36 cm. 
TABLE Bl. NEUTRAL DENSITIES IN 2XIIB 
—3 -3 
Date n^ (cm ) +_ (cm ) T 
6/14/78 4.3 x 10 1 0 0.7 x 10 1 0 0.40 
10/24/77 4.0 0.8 0.24 
3/8-9/78 3.8 0.4 0.57 
B3. Scaling of the Neutral Density 
Equation (Bl) can be evaluated to determine the neutral density 
scaling. The term (1.3 + 0.6T), which depends only on line density, is fit 
very wall as 
/ n e d l 1.3 + 0.6T = 2.07 j ; — , 
10 1 4 
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/n dl 
for 5 ±-^?T— £15. This means that one has (with L = 36 cm, v = 10 cm/s) 
10 
. 9 ^ / n e d l \ - ° - 1 4 I b 
\ 10 1 4 / \ " I I ' U I
 1 0 V-^n-; r ( B 2 ) 
with I. in A. Equation (B2) is a general scaling which can be applied to 
almost all 2XIIB data. 
This general scaling can be applied to the 6/6/78 data, for which a 




e " "' ** " h J n dl = 1.5 x 10" I 
This yields 
np = 2.1 x 108 I°- 8 5 (B3) 
This expression is used in Appendix E. 
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APPENDIX C. A SURVEY OF IMPURITIES IN 2XIIB 
CI. Introduction 
This Appendix presents' the-basic impurity data, and some of the conclu­
sions about concentrations and power loss that follow from them. Appendix G 
discusses the neon injection experiments in a similar fashion. The results 
presented in this Appendix are summarized in Section IV. Section V discusses 
further experiments and analysis, which led to more subtle conclusions about 
the oxygen in 2XIIB. 
C2. Measurements of 2XIIB Impurity Emissions 
This section describes the basic measurements of impurities which were 
analyzed to determine impurity concentrations and power loss. The identified 
lines, EUV emission characteristics, and unresolved emission lines are de­
scribed. Then the absolute brightness measurements are reported. Finally, 
the spectral scans and spatial scans are summarized. 
Observed Transitions 
The emission lines of oxygen, nitrogen, carbon, titanium and deuterium 
observed on 2XIIB are tabulated in Table CI. The observed transitions are 
indicated; they are all either ground state resonance transitions or reso­
nance transitions to low lying metastable states. Except for the titanium, 
these transitions had all been observed previously with this equipment. 
Brief spectral scans verified the continuity of the wavelength calibration. 
Figure CI shows some of the spectral data which allowed us to identify the Ti 
transitions. This data shows the triangular line profiles expected using 2 A 
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TABLE CI. OBSERVED IONS AND TRANSITIONS 
Ion (A) Transition 
D I 1216(La) Is - 2p 2 2 S - P 
0 VI 1038 2s - 2p 2 2 ŝ - P 
0 VI 1032 2s - 2p 2 2 ^S - *P 
0 V 760(m) 2s2p - 2P2 3 p _ 3 p 
0 V 630 2 s 2 - 2s2p h-h 
0 IV 789 2s22p - 2 2 2 ''p - D 
0 IV 554 2 2s 2p - 2s2p2 2 2 P - P 
0 III 703 2 7 2sz2p/- - 3 2s2p 3 P - 3 P 
0 II 718(m) 2 3 4 2s2p* h-h 
0 II 539 2 P 3 " 2p23s 4 4 ^S - P 
C IV 1548 2s - 2 P 2 S - 2 P 
C III 977 2 s 2 - 2s2p h-1? 
N V 1239 2s - 2p 2 2 S - P 
N IV 923(ra) 2s 2p - 2P2 3 3 P - P 
N III 685 2 2s 2p - 2s2p2 2 2 ^P - P 
Ti VII 522 , 2, 4 3s 3p - 3s3p5 3 3 JP - JP 
Ti VI 524 , 2 , 5 3s 3p -• 3s3p6 2 2 ZP - S 
Ti IV 779 3d -• 4p 2 2 ZD - P 
Unmarked transitions are ground state resonance 
transitions. 
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Figure CI. Spectral scans of titanium emissions show the triangular 
2 A FWHM profile of the instrument transmission. 
FWHM slits. These lines were scanned a number of times; their isolation was 
also investigated by use of standard line tables [31]. 
The emission lines which were unresolved from the background signal 
are tabulated in Table C2, with upper limits on their brightnesses. A 
brightness of 10 ph s cm sr corresponds to a concentration of less 
— 3 than 10 . (This upper limit results from an assumed excitation rate coef-
. -9 3 -i 1 4 - 2 
ficient of 10 cm s and a line density of 6 x 10 cm , both 
of which are too low.) Copper emissions were not resolvable with this 
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TABLE C2. EMISSION LINES UNRESOLVED FROM BACKGROUND 
State Line (A) Maximum 
(ph 
Plateau Brightness 
-1 -2 -1. s cm sr ; 
0 I 1304 2.4 X 1 0 1 5 
C II 904 5 X 1 0 1 4 
N II 916 1.7 X ! 0 1 5 
K VI 716 1 X 10 1 5 
S IV 1063 4 X 1 0 1 5 
C IV 883 1.5 X 1 0 1 5 
W VI 638 1 X i o 1 5 
equipment because of their spectroscopic structure. It is not know whether 
the neutral beams, which have copper arc chambers, inject copper into 2XIIB. 
Brightness Measurements 
The time development of EUV emissions is described in Section IV. 
Most of the discussion below pertains to the steady-state, high-density phase 
of the plasma shot. The absolute brightness is the quantity directly meas­
ured by the EUV instrument. Some of the brightness data is tabulated in 
Table C3. The plasma parameters measured during the same shots are also 
shown. The most striking fact is that the EUV radiation from 2XIIB was very 
bright. The 0 V and 0 VI brightnesses reported in Table C3 were more than 
two orders of magnitude larger than those reported from Alcator [32] , and an 
order of magnitude greater than those from TFR [ 33] , yet these two tokamaks 
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TABLE C3. SOME MEASURED BRIGHTNESSES AND PLASMA PARAMETERS 
Brightness (10 ph s cm sr ) 
i 
NO 
6/14 10/24 3/8-9 11/2 11/3 11/3 1/28 
0 VI 1032A Line 43 +. 15 220 +.80 4 + 1.5 
0 V 63071 Line 56 + 19 89 + 31 8.7 +. 3 
0 IV 554A ilultiplet 19 + 8 10 +_ 4 
0 III 703A Multiplet 1.6 +_ 0.9 1.8 + 1 
Oil 539A Multiplet 0.2+0.12 1.0+0.7 0.26+0.11 
C IV 1548A Doublet 19+8 1 0 + 4 
C III 977A Line 1.2 + 0.4 0.9 + 0.3 
N V 1239& Line 23 + 11 29 +_ 14 
N III 685A Line 0.8 +_ 0.4 1.9 +_ 0.9 
Ti IV 779A Line 1.4+0.5 
Ti VI 524A Line 
Ti VII 522A Line 
/n dl (10 1 4 cm"2) 8.5 13 5.1 
e R (cm) 8.0 9.5 9.1 P 
A* (400 A-m 2) 2.3 3.3 1.0 
W (keV) 11.2 13 10.6 
I b (A) 405 480 380 




1 + 0.4 
.6 +6.3 
2 + 6.6 
7.4 3.9 9.4 6.9 
8.2 8.1 8.4 8.5 
2.0 0.8 1.8 2.7 
12.3 11.0 11.2 11 
460 210 360 380 
70 40 60 60 
have a deuterium-confinement time more than ten times larger than that of 
2XIIB. This indicates that the 2XIIB impurity fluxes and/or the confinement 
times were relatively high. 
The uncertainties in the reported brightnesses had several sources. 
The uncertainty in the calibration was included. Uncertainties in other 
terms of Eq. (7)(Section II), also were considered. Beyond that, there were 
uncertainties introduced by background subtractions and corrections for line-
broadening. After these uncertainties were evaluated, the accuracy of a 
brightness measurement on one particular shot was known. Using this instru­
ment, many shots must be compared to estimate concentrations or power loss, 
so the shot-to-shot irreproducibility of 2XIIB was taken into account. On 
the basis of experience, this effect is estimated as +30%—which includes 
changes in plasma parameters and impurity emissions. Within restricted sets 
of identical shots, this uncertainty is about +15%, but the calculations 
presented here were intended to have more general applicability. Finally, 
in estimating a total uncertainty, the various sources of error were 
considered to be random. 
Machine Conditions for These Measurements 
Impurity studies can be questioned if the data analyzed are not taken 
during representative machine operation. This objection does not apply to 
this study. The data presented in this work was obtained during the normal 
course of 2XIIB experimentation. Some of the runs reported in Table C3 are 
discussed in reference [50]; the rest were also typical. For all the meas­
urements reported above, the machine was pumped and gettered in the normal 
fashion, and stabilizing stream was supplied by standard methods. In most 
cases, data was being taken simultaneously for other purposes. 
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In addition, EUVemission brightnesses from similar plasmas were found 
to vary little (except for emissions from states strongly affected by T 
o t 
variations). 0 V 630 A emissions were frequently monitored; and measurements 
of this line oh many days are tabulated in Table C4. It is observed that, 
for similar electron line densities, 0 V brightness variations were generally 
within a factor of 2. The only exception to this was March 8, 1978, when 0 V 
emissions were relatively small, presumably due to the very low electron 
tenoerature (see Section V). 
Spectral and Spatial Scans 
Spectral scans aided line identification and brightness measurements; 
some were complete enough to determine impurity energies from line broad­
ening. Spectral scans were performed by stepping the wavelength drive through 
a line on a shot-by-shct basis. One angstrom slits were ordinarily used; and 
these scans were limited by the number of shots available with constant 
machine parameters. Doppler broadening is the only significant broadening 
mechanism in these plasmas; this allowed impurity energies to be determined 
from the measured line widths. 
Figure C2 shows a spectral scan of the C III 977 A emissions. The 
target plasma emissions were 40% as bright as the emissions during the high-
density plateau, at the peak of the spectral line. These data are signifi­
cant because the line becomes broad during the shot; it is quite narrow in 
the target plasma, before the neutral beams fire. (This was also observed 
in a second scan taken another day.) It shows that the observed broadening 
is real and is not due to systematic errors. Figures C3 and C4 show 
spectral scans of oxygen lines. 
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TABLE C4. BRIGHTNESS OF 0 V 630 A ON VARIOUS DAYS 
D = Date S = Shot 
B = Brightness (lO*? ph s - 1 c m - 2 s r ~ l ) 
N = Elec tron Line D e n s i t y v lO 1 * c m - 2 ) 
D S B N D g B N 
9/23 20 12 7 5/19 8 4.3 4.8 
10/20 38 9.1 13 5/21 18 7.7 7.5 
10/24 25 10 15 6/1 9 7.3 8 
10/28 32 13 18 6/6 16 12 10 
11/3 36 6.? 7 6/9 19 10 10 
12/21 26 19 15 6/13 18 15 12 
12/22 7 22 15 6/14 16 5.7 10 
1/6 19 3.1 4 6/20 26 2.7 8 
1/11 7 2.5 3 6/22 10 6.0 9 
2/9 18 3.0 4 6/27 22 8.6 10 
2/10 31 2.3 4 7/14 11 6.3 10 
2/15 16 5.2 6 7/15 12 9.3 12 
3/8 5 0.37 5 7/16 7 6.4 6 
4/7 7 4.7 8 7/27 21 9.3 9 
4/11 8 1.4 4 7/29 21 9.0 6 
4/27 13 2.3 5 7/31 23 5.3 7 
- 1 0 0 -
C111 977 A 2/15/78 
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Figure C2. A spect ra l scan of C I I I 977 A emissior.s, showing that 
Che l ine becomes broad during the sho t . 
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Figure C3. A spectral scan of the 0 VI 1034 A doublet. Doppler broadening 
and the expected 2:1 brightness ratio were observed. 
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Figure C4. Spectral scans of 0 V emissions a lso showed subs tan t ia l 
Doppler broadening. 
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The energies coiresponding to the observed broadening are given in 
Table 3. These energies correspond to the velocity necessary to emit a 
photon at the wavelength that is the half-maximum above background of the 
observed spectral profile. To unfold the instrumental broadening from the 
observed linewidth, the actual linewidth was computed as the root of the dif­
ference of the squares of these quantities. The profiles are assumed to be 
Gaussian. The uncertainties introduced by this approximation are less than 
those in the measured FWHM, The spectral scans of three different oxygen 
lines, made on separate days, are consistent. The energy at FWHM is about 
15 keV, the mean oxygen energy (assuming a Gaussian profile) is about 10 keV. 
The significance of the observed carbon energy is considered in Appendix F; 
o 
these data are not well understood. The N V 1242 A line was scanned once, 
o 
and was found to be quite broad (̂ 4 A). However, machine conditions were 
somewhat variable and this measurement was never repeated; accordingly this 
result must be considered tentative. 
Spatial scans were performed by tilting the instrument about a point in 
the beamline on a shot-by-shot basis. These scans ..ere used to distinguish 
among the constant concentration, constant density, and shell models dis­
cussed in Section III-E. 
The impurity-density profile can in principle be determined by Abel-
inverting the observed brightness profile to obtain the volume emission 
profile; then dividing by the electron density and the excitation rate 
coefficient see Eq. (4) in Section III . The data obtained from 2XIIB does 
not allow a precise determination of the impurity density profiles, because 
of irreproducibility. However, the inversions of various curves drawn 
through the data may be used to place limits on the spatial structure. 
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Some 0 V 630 A spatial data were presented and discussed in Section IV 
(Fig. 7). This scan (and other 0 V spatial data) indicate that the constant 
concentration model (Section III-E) is appropriate for highly ionized oxygen. 
This model was used to analyze the 0 IV, 0 V, and 0 VI data. All other 
states were analyzed using the constant density model, which was the best fit 
to spatial scans of 0 II 539 A, C III 977 A, N III 685 A, and Ti IV 779 A. 
The upper section of Fig. C5 shows the peak brightness, the brightness pro­
file and the line density profile during a C III spatial scan. The lower 
2/16/78 Shots 3-15 
Peak C III 977 A B = 4.6 X 10 1 5 ph s"1 cm - 2 
sr_1 /n. dR = 6.7 X 10 1 4 exp [-y2/102] cm" 2 
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Figure C5. Spatial profiles of C III 977 A brightness and electron 
line density are shown above. A density profile obtained 
by Abel inversion and the density given by the constant 
density model (dashed line) are shown below. 
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portion shows the constant-density model (dashed line) and the inverted 
profile obtained from a hand-drawn "best fit" curve through the data. The 
best 0 II scan, which is important in the argument of Section V, is discussed 
there. Additional spatial data may be found in Appendix D. Numerous scans 
show that emissions from the native impurities in 2XIIB have horizontal 
suumetry. 
The models selected above apply only to impurities in the central 
plasma (r £ R ), and near the midplane along the machine axis. Because 
the electron density and temperature are not well known, the impurity spatial 
profiles at large radii (r > R ) are unknown. Some implications of this 
fact for further analysis are discussed in the next section. 
C3. Impurity Concentrations in 2X1IB 
Having proceeded from line identification to modeling of the plasma, 
impurity concentrations could be calculated reasonably. This section dis­
cusses these calculations and presents their results (summarized in Table 4). 
Some observations of plasmas created by one type of streaming plasma gun are 
also reported. 
Concentrations in Beam Fueled Plasmas 
The calculation of impurity concentrations is summarized for the con­
stant density model. If the constant concentration model applies, the coef­
ficients are slightly different but the basic dependences remain the same. 
The density of an impurity throughout the region r * R is given, in this 
model, by 
H - «Z* (CI) 
<av> e x/n dl 
" e 
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To evaluate equation (CI), a value of T must be used. This is not sig­
nificant for this application, as these rate coefficients seldom vary more 
than 202 over the entire range of electron temperatures in 2XIIB.. In con­
trast, the average electron density must be known to compute the impurity 
concentration. The problem of determining T and ti will be considered 
e e 
here. 
The central plasma in 2XIIB is well diagnosed. The density and temper­
atures are well known near the midplane and at radii r £ R . The impurity 
data is not precise enough to specify impurity quantities at the center of 
the plasma, so impurity results, to be reasonable, must be averages over some 
area of the plasma cross-section near the midplane. Averages over all radii 
are also unreasonable, because the boundary region of the plasma is not well-
understood. The calculations summarized here used averages over the region 
r f6 R . P 
The average electron density and temperature, assuming cylindrical 
symmetry, are 







n = = —£ , and (C2) 
2irAz / p r dr 
2wAz I v n T r dr e e Jo I 
Jo e 
T e = ^ <C3) 
2>rAz I v n r dr 
h e 
For Gaussian-shaped plasmas, the average electron density i s 
0.632 / n dl 




To determine T , T was assumed to be peaked at 0 cm and to decline e' e 
linearly with radius, with a slope determined using the Thomsi.i scattering 
measurements at 0 cm and 6 cm. These measurements indicate that the T 
e 
profile is much flatter than the density profile [5]. T was in no case 
smaller than 80% of T at 0 cm. e 
Using the above averages, the impurity density, N, and the concentra­
tions N/ n , were determined for the measured ionization states. Concentra­
tions of unmeasured states were also estimated. They were comparable to 
those of the measured states. Metastable concentrations were estimated 
using metastble ratios determined on Alcator [32] (with large associated un­
certainties), except for the important case of 0 V. The 0 V metastable ratio 
was measured to be 2.1 (compared to 1.1 on Alcator); the difference of recom­
bination processes may explain the different ratios. As the other metastable 
states represent a 10% contribution to the oxygen density, their metastable 
ratios are less important. The concentrations of helium-like states were es­
timated assuming a balance of charge-exchange and ionization (see Section V). 
It was seen in Section IV (Table 4) that oxygen is the dominant 
impurity. Table C5 presents a more detailed breakdown of the concentration 
estimates, showing results for the data given in Table C3. As has been dis­
cussed (Table C4), emission brightnesses were measured many times. Table C5 
presents results for the dates on which surveys of impurity emissions were 
made. The titanium concentration was estimated by assuming equal populations 
—8 3 —1 in Ti IV through Ti VII, excitation rate coefficients of 10 cm s , and 
brightnesses of 10 • ph s cm" sr~ . Deuteron impact excitation, which 
was not included in the above calculations, is a small effect (typically 
10-20%) compared to the existing uncertainties (typically 20-50%). 
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TABLE C5. DETAILED IMPURITY CONCENTRATION RESULTS 
Concentrations (%) 







2.0 + 1.1 
0.13 + 0.07 
0.37 + 0.26 
1.9 + 1.4 
0.37 + 0.30 
0.43 + 0.39 
3.9 + 2.5 
0.49 + 0.37 








Titanium 0.3 4 
10/24/78 
Oxygen 3.3 + 1.8 3.3 + 2.5 6.6 + 4.3 5.3 2 
3/8-9/78 




0.30 + 0.17 
0.43 + 0.30 
0.43 + 0.35 
0.53 + 0.48 
0.72 + 0.50 






Streaming Plasma Observations 
Impurities in the streaming plasma were surveyed by firing shots with­
out the neutral beams. Plasmas created by four guns of the deuterium-loaded-
titanium-washer-stack type [ 51] were observed. These guns were mounted so 
they mapped into the midplane about 5 cm from the machine axis. The plasmas 
were quite variable and the results given here are order-of-magnitude 
estimates. 
The measured brightnesses are listed in Table C6, along with estimated 
concentrations and the plasma parameters. Impurity concentrations were 
estimated using the formula 
N_ _ 4i[B 
n r ., ex e n J n dl <av> e e 
The excitation rate coefficients are shown in the table. The results in 
Table C6 are within a factor of three of those obtained using a single plasma 
gun located in a different place [50] . These observations also are not in­
consistent with recent measurements of impurities deposited on a clean sur­
face by these plasma guns [52]. However, the uncertainties in both results 
are large; these plasmas are not very reproducible; and the measurements of 
impurity deposition indicate that the spatial distribution of titanium is 
very uneven [52], These plasmas have not been studied enough to be well 
unders tood. 
Every impurity species identified during beam-fueled shots was also 
observed in streaming plasmas. However, the densities of impurities in the 
streaming plasmas are much less than the impurity densities in the beam-
fueled plasmas. On the basis of the experiments reported ir Sections V and 
VI, it is clear that these plasma guns are not a major source of the impur­
ities in the central 2XIIB plasma. This is not surprising, because it is 
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difficult for cool impurities to climb the potential hill established by the 
plasma and such impurities should be quickly ejected (see Section VI). 
C4. Radiated Power Loss 
Plasma impurities are of interest in part because they can radiate 
large quantities of power. The brightness measurements described above en­
abled calculation of the power radiated by impurities in 2XIIB. The method 
of calculation and the results are presented below. The radiated impurity 
power loss is found to be 5% of the deposited neutral beam power. This low 
percentage is due to the high density of energy deposition produced by neu­
tral beam heating in this machine. 
It must be emphasized that these results apply only to the impurities 
near the midplane. The regions outside the central plasma contain several 
times as many particles, and may have a higher concentration of impurities, 
producing a much larger radiation loss. These power losses were not measured 
during this study. However, they are probably not dominant, because, within 
a factor of 2, the deposited power has been measured to flow out the ends of 
2XIIB [5]. 
Theory of Spectroscopic Power Loss Measurements 
Spectroscopy provides an indirect measurement of the power loss due to 
line radiation. The determination of this power loss from absolute bright­
nesses is described in this section. A more extensive discussion may be 
found in Ref. [53]. Bolometric measurements are a desirable check on the 
completeness of these calculations, but such measurements were not made on 
2XIIB. Soft x-ray measurements show power losses consistent with those 
expected from oxygen transitions near 60 eV [54]. 
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There is no universal relation between power loss and brightness. The 
measured brightness results from an integration of light emitted along a line 
of sight through the plasma: 
*hfEMdl (C5) 
Power loss by contrast results from the emission of light throughout the 
plasma volume: 
JE(. P L = hv / E(r) dV . (C6) 
P. is the power radiated from the plasma by a spectral line with energy hv. 
l i 
Once the spatial variation of E(r) is known one can relate power loss 
directly to brightness. Assuming cylindrical symmetry and a plasma of length 
L, one obtains 
B = •£- / E(r) dr , and (C7) w.« 
P = 2irhvL I E(r) r dr . (C8) 
Jo 
Spatial scans of 2XIIB show that the radial profile of E(r) is approximately 
-r 2/a 2 Gaussian. Taking E(r) = Ae one obtains: 
B = — A and (C9) 
P = hjrL\>a2A . .. (CIO) 
Hence 
P = 4 J T 3 ' 2 hvL a B . (Cll) 
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This; gives the' relation of power loss to measured brightness, assuming 
cylindrical symmetry and a Gaussian emission profile. 
The total radiated power is desired, but Eq. (Cll) gives only the power 
radiated -by-Kan*'observed* line* It:is iibt practical to bDserve"^ilr!radiat:ing 
lines, so a c'aiculation^is"' necessary in;' order'̂  to-relate 'the total* power1 loss 
to theLmeasured brightnesses; This relation is deve^oped,below. 
As E(r) is proportional to <ov> , the rate coefficient for electron 
impact excitation of the transitions, one has, for the power radiated by any 
given line, ?. , 
_ex 
<av> 
The relation of this power to the power radiated by all lines of an 
ionization state, P„, is o 
P s = F P L , (C12) 
in which 
I . X . < r T >ex m . A. e x I 
L 1 1 * °v L j j < av>T J 
(C13) 
The first sum is taken over the significant ground state transitions; and the 
second expression is summed over the important metastable transitions. The 
best values of <tjw>e exist for the transitions to the lowest excited 
states. The ratios of the other rate coefficients to these well known ones 
(i.e., <ov>_) were estimated using staudard formulas [ 551 and the oscil­
lator strengths of Wieseet al. [56]. R_ is the ratio of mestastable 
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population to ground state population. By including all relevant proportion­
alities, F converts the power radiated by the line into that radiated by the 
entire ionization state. Other ionization states may be included in F in the 
same way the metastable system is in Eq. (C13), but this is undesirable; in 
this study it was only necessary in the unimportant case of N IV. 
The radiated power loss due to an entire species is then given by 
PSPECIES= £ P S < C 1 « 
These uncertainties in these calculations have several sources. The 
absolute calibration of the spectrometer, the measurement techniques, the 
model relating radiated power to brightness, and the power factor F all con­
tribute to the uncertainty. However, as the relative populations of various 
ionization states need not be considered, this method is considerably more 
accurate than a purely a priori computation. 
Radiated Power Loss Results 
The power loss due to impurity radiation was calculated as described 
above. Brightness measurements have been made for all important ionization 
states of oxygen and for the significant states of carbon and nitrogen. All 
An = 0 and An = 1 transitions were considered in evaluating the power factor 
F. Metastable ratios were taken from measurements performed on Alcator, 
except for the important case of 0 V, which was checked in the 2XIIB plasma. 
The results of these calculations are shown in Table C7. 
Most of the power radiated by 2XIIB impurities is from 0 V and 0 VI. 
This is due to the dominance of oxygen and to the fact that nitrogen and 
carbon reach helium-like states at lower temperatures than oxygen does. 
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31 + 15 
6.4 + 5.7 
1.7 + 0.9 
39 + 22 kW 
71 + 34 
Titanium radiation power loss is not included in these calculations. (A 
crude estimate based on a 0.3% concentration and the calculations of Post 
et al.[40l is 3.5 kW). 
Impurities also remove power from the plasma as a result of ionization, 
which costs energy and produces cold electrons. This power loss depends on 
the impurity currents and maximum ionization states. It is estimated to be 
quite small (̂ 3 kW) for carbon, nitrogen, andtitanium. The effects of oxygen 
on the 2XIIB power balance were discussed in Section V. 
Apparently, the impurity radiation from the central 2XIIB plasma did 
not play a major role in determining its parameters. Neither T nor the 
T_ radial profile was significantly affected by power losses such as these. 
The electron temperature limit due to impurity power loss may be estimated by 
equating this power loss to the Spitzer drag power input to the electrons 
from the hot ions. The radiated power loss determined above allows a maximum 
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2XIIB electron temperature of about 300 eV on 6/14/78, which is much higher 
than the observed values (T ^ 60 eV). Impurity radiation could be a 
significant power loss mechanism in 2XIIB only if this was primarily due to 
impurities in the end fans—and the end fans were not observed in this study. 
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APPENDIX D. SPATIAL SCANS OF 2XIIB 
This appendix, contains the spatial data from 2XIIB which was not 
included elsewhere. A brief summary of this data is given below. The other 
spatial scans may be found in Figs. 7, 9, and C5. 
o ° 
Figures Dl and D2 show the N III 685 A data and the Ti IV 779 A data, 
which justify the use of the constant-density model for these elements. The 
nitrogen density profile can be made shell-like or peaked depending on the 
curve drawn through the data; the flat profile is in between. The format of 
this figure is the same as that of Fig. C5, discussed in Appendix C. The 
titanium data suggests a slightly peaked spatial profile—its scale length is 
less than that of the line density. But, as the titanium profile is broader 
than the profile of electron density squared, the constant density model is 
as good a choice as the constant concentration model. 
o 
Some additional 0 V 630 A spatial data is shown in Fig. D3. The broad 
distribution and symmetric profile may be observed. The symmetry and essen-
o 
tial structure of 0 II 539 A emissions is shown in Figs. D4 and D5. If there 
was a dominant 0 II shell, the 0 II profile would be broader than the line 
density profile; it is not. Finally, Fig. D6 shows some additional C III 
o 
977 A data , which supports use of the constant-densi ty model for carbon. 
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Figure. Dl. Spat ia l scan of N I I I 685 A. 
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Figure D3. Spatial scans of 0 V 630 A. 
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APPENDIX E. A MODEL OF BEAM INJECTION OF OXYGEN 
The model of beam-injected-oxygen emission applied in Fig. 8 is 
derived in this Appendix. Both the scaling and magnitude of the observed 
data are predicted, given the known dependencies of electron-line density 
and deuterium neutral density on beam current. The essential physics of the 
model is that the 0 II brightness depends not only upon the concentration of 
oxygen in the beams, but also upon the relative attenuation of oxygen and 
deuterium by the plasma. 
The 0 II brightness is 
B = T 7 /n d l < a v > C A n n T T , (El) 1 I J, ex — 4* y ne d l < c j V > n 0 II ' 
as discussed in Section III. The line density scaling is 
/ 
n g dl = 1.5 x 1 0 1 2 I*'1 (A) (E2) 
for the data under consideration. The mean 0 II density due to beam-injected 
oxygen (assumed throughout this appendix) can be calculated as follows. 
The 0 II concentration is determined by the oxygen and deuterium beam 
currents, attenuation, and particle lifetimes. We have, in general 
1(1 - T) = / - dV (E3) 
• / ! 
Here the particle input is beam current, I, times attenuation 
(= 1-transmission, T). The particle outflow is density, divided by lifetime, 
integrated over volume. For 0 II, the particle lifetime is determined by 
ionization, T = (n < a v > l o n ) ~ , so 
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/
"o I I .„ f ion .„ 
— — d V = J "0 I I n e < d V > d V 
= n^" H < o V > 1 0 n y n e dV (E4) 
"Similarly, the l i f e t ime of deuterium p a r t i c l e s i s detern--ned by charge-
exchange, T =• (n^<ov> ) . The charge-exchange l i fe t ime is t y p i c a l l y 
200 u s , much shorter than t ha t of any other p rocess . This gives 
/
— dV = / n ^ n < t J V > C X dV 
T J D + D 
V a v > C X / n e dV (E5) 
Now, after defining f, the fraction of oxygen in the beams, as 
f .i.i 
0 h \ 
one can use Eqs. (E3), (E4), and (E5) to obta in 
From t h i s 
F l l ~ T 0 \ - n O H < O V > 1 
0 V 1 - T n / " — ex 
(l - T n\ ex 
I 0 l<qv> — 
i V1 •"'- T„ / ion "D v * - M T ^ V * * ^ ^ ( E 6 ) 
* D <CJV> 
The scaling of r^ for the scan of Fig. 8 is found in Appendix B to be 
"n̂  = 2.1 x 10 8 I ° - 8 5 (E7) 
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We now have for the brightness 
£ o / l - T o V a v > C X < o v > e x . . . — , „ . , 
« H <av>ion / n e d l n D <») 
I f one takes < a v > c x = 1.3 x 10 7 , <ov> e K = 4 .1 x 10~ 9 , and 
< o v ; ^ ' n = 1.4 x 10 , which are appropr ia te for th is da ta , and use the 
scal ings of Eqs. (E2) and (E7), the r e s u l t i s 
• '•> • - 1 1 « . . ( i ^ i -
41 1 1 
" H 9.5 x 10 £ F ( I b ) 
(E9) 
The evaluation of F(lb> requires knowing T. and TJJ. The trans­
mission of a species through a plasma is given by 
T = exp[- / n (E<av>) - dl] (E10) 
An analysis of deuterium transmission by W. C. Turner (which led to the suc­
cessful beam attenuation density diagnostic), coupled with the results of a 
computer code he wrote to calculate transmission of typical 2XIIB beams 
through typical 2XIIB plasmas, indicates that the average transmission of 
deuterium is 
T D = exp [- f n e dl <rD /1.41 ] , (Ell) 
eff 
-15 2 in which o = 1.54 x 10 cm . For oxygen one takes 
eff 
< a v > i o n + < a v > i o n + < a v > c x 
_ J D* D+ 
aO „ = v 
eff 
j i_ . . . . ._ .. i ° n -> ,n~8 ion „ ,„-8 ex ,„-7 
and subs t i tu t e <uv> = 7 x 10 , < a v x = 2 x 10 , <ov> = 10 , 
and v = 4.4 x 10 (= 16 keV) to obtain a = 4.32 x 10 . This value i s 
eff 
used in Eq. (11) to ca lcu la t e T. (Double ion iza t ion , a 15% e f f e c t , i s 
neglected for th i s fac tor-of-2 model.) 
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By using these values and computing the attenuation, the scaling of 
the relative attenuation is found to be 
1 - T 
1 - T D J ' b 
This is a good fit because this plasma is neither optically thin nor optical­
ly thick to penetration by the high-energy-beam atoms. The final equation 
for B is: 
B = 1.5 x 10 1 3 f Q l£' 5 5 . (E12) 
The predictions of the model are shown in Fig. 8. It is seen that the 
scaling of the model fits the data, and that the predicted brightness is 
consistent with the data (considering the factor-of-2 nature of this 
calculation). 
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APPENDIX F. POSSIBLE SOURCES OF CARBON, TITANIUM, AND NITROGEN 
Fl. Introduction 
This Appendix reviews the possible sources of impurities other than 
oxygen in 2XIIB. After the initial measurements of EUV emissions, oxygen 
studies were emphasized. The oxygen results were discussed in Section V. 
Other impurities were studied with less emphasis, but some significant data 
were obtained. The most is known about carbon, which will be considered 
first. Significantly, it has become clear that the strecming-plasma guns 
were not the primary source of carbon or titanium. Wall-sputtering of 
titanium and methane are believed to be the source of these impurities, but 
this has not been demonstrated; and certain important questions about heating 
and transport remain unanswered. Another possible source of carbon and 
titanium is cathode-spotting at the end walls. 
F2. Carbon Studies 
In this section, the EUV carbon data from 2X1IB is reviewed and the 
most likely carbon source is determined. The carbon observed was apparently 
introduced axially, and had a temperature of a few keV; but the streaming 
guns were not the only significant source. The methane produced during 
gettering might have provided a large carbon current, a small fraction of 
which was heated and penetrated the central plasma. 
A Review of the Carbon Data 
The following data on carbon emissions was obtained: the variation of 
C III 977 A with beam current (6/9/78); a good spatial scan (2/16/78) and a 
good spectral scan (2/15/78), with supporting scans on other days for each; 
the observation of cleanup; and carbon emissions with various stabilizing 
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techniques (stream guns, gas box, and e-beam). In this subsectic.i the data 
are reviewed; possible carbon sources are considered below. The reader may 
wish to skip this subsection and refer to it as indicated below.. 
(i) The Beam Current Scan 
o 
C III 977 A data obtained as the neutral beam current was systematical­
ly varied is shown ir Fig. 8. This beam current scan was performed 
June 9, 1978 with 25 torr pressure in the gas box injectors. A least-squares 
fit indicates that the C III emissions rose as the 0.65 power of beam cur­
rent. The electron-line density was proportional to beam current, except at 
very low beam currents. The G III emissions rose as the 0.54 power of I, 
if these low current shots are eliminated. As the brightness is proportional 
to the C III density times the line density, it appears that the total amount 
of C III in the plasma declined as beam current increased. 
The above results place limitations on the possible sources of carbon. 
Axial carbon sources are allowed, as the C III will be more attenuated when 
the axial line density increases. Sources of well trapped highly ionized 
carbon are also allowed. However, hypothetical carbon sources which intro­
duce increasing amounts of neutral carbon at the midplane as a function of 
beam current are not consistent with this data, unless that carbon returns 
to the midpiane after being heated. 
(ii) C III Spatial Data 
Figure C5 shows the C III spatial data taken February 16, 1978, as 
well as the density profile obtained by Abel inversion. While some shell 
structure of central peaking is not ruled out by the curves which can be 
drawn through the data, there was clearly C III near the center of 2XIIB. 
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The existence of twice ionized carbon in this location is evidence against 
low energy sources of carbon with a charge ^2. The carbon H I got to the 
center of the plasma either through penetration, requiring a high-energy 
source, or through charge-exchange fromiC IV, requiring trapped carbon ions. 
(iii) The Spectral Profile of C III 977 A 
o 
The data clearly show that the C III 977 A line becomes broad in the 
o 
course of a shot. Figure C2 presents a C III 977 A spectral scan; the ob­
served broadening corresponds to a mean energy of 4 keV (+40%). This re­
quires that the carbon was heated either before or after injection. Beam 
injected carbon would have to enter the plasma as CO or C0„ (rather than 
C or CH) to explain the observed energy. There are other possible heating 
mechanisms, some of which will be discussed below. It is worth remembering 
that 6-keV carbon was also observed from 2XII, which had no neutral beams 
[3]. Also note that additional cold carbon may have penetrated the plasma 
when the gas box was used, as a result of the modification of the plasma 
potential. 
iiv) The Observed Cleanup of Carbon and Carbon 
Versus Stabilizing Method 
During May, June, and July, 1978, carbon emissions were routinely 
D 
monitored. It was observed that the C III 977 A emissions decreased as 
shots were fired after each evacuation of 2XIIB. In addition, several 
different sources of stabilizing streaming plasma were used (see Section 
II). No stabilization technique produced beam-fueled plasmas which had 
substantially less carbon than any other. Figure Fl is a plot of C III 
977 A emissions as a function of shots after pump-down. Shots taken during 
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Figure Fl. C III 977 A emissions 
declined during the first few shots 
after 2X1IB was evacuated. 
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This data is compiled in Table Fl, along with the electron density and line 
average carbon density. 
These results show that the decline of carbon emissions represented a 
decrease in the amount of C III in the plasma. The total carbon concen­
tration also probably declined, because the fraction of carbon III should be 
constant, unless T changes, and T was fairly constant throughout these 
runs. 
Two aspects of this data are important. First, the carbon "cleaned 
up" but did not decline by orders of magnitude. Second, there were similar 
quantities of carbon present (after cleanup), whether or not any given 
stabilizing source was in use. The implications of this are discussed below. 
An Evaluation of Possible Carbon Sources 
The potential carbon sources may be evaluated by use of the data 
presented above. This subsection argues that an ionized energetic axial 
flux is consistent with the EUV data, but' that the carbon did not come only 
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from the stream guns. The neutral beams and low-energy radial fluxes are 
rejected as direct sources. 
(i) Ionized Energetic Axial Sources 
Suppose there is a source of high-energy carbon between the mi dpi an e 
and the end wall in 2XIIB. These ions can penetrate the plasma, but will be 
further ionized as they do. When the axial line density increases as the 
beam current is raised, the ionization rate will increase. The fraction of 
low-Z carbon ions reaching the midplane will in consequence decrease. This 
means the C III concentration may decrease as beam current is raised, as was 
observed. 
As the radial position of such carbon when it reaches the midplane 
will be determined by the magnetic field line it follows in the fan, there 
is no reason to expect an absence of C III in the center of the 2XIIB 
plasma, so long as the carbon 'elocity is high enough that it can penetrate 
without being further ionized. Thus, the observation of C III throughout 
the central plasma was consistent with such a source. 
Finally, such high energy carbon would produce some Doppler broadened 
emissions, and some of it would become mirror trapped as a result of col­
lisions, leading to a population of mirror-confined energetic carbon. As a 
result, 6 keV carbon could be observed in 2XIIB. 
The observations of cleanup of carbon, and of the effect of stabilizing 
techniques on carbon emissions, do not bear on this hypothesis. The exist­
ence of a high energy axial flux of carbon ions is thus consistent with the 
EUV data. 
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(ii) The Stream Guna 
The streaming plasma guns cannot be the primary source of carbon. If 
the stream guns were the primary carbon source, their use would noticeably 
affect the amount of carbon in the plasma. Whether stream guns alone, 
stream guns with gas box, gas box after stream guns, or gas box with e-beam 
were used to stabilize the plasma did not appear to affect the carbon con­
centration. It follows that the stream guns were not the primary carbon 
source, although they may have contributed to the "carbon pool" in the end 
fan. 
(iii) The Neutral Beams 
The neutral beam current scan weighs heavily against beam-introduced 
carbon. The assumptions which apply to beam-injected 0 II also apply to 
C III and the model introduced above (Appendix E) can be applied to carbon. 
For the C III brightness: 
The weakest dependence of C III emissions on beam current is obtained if the 
carbon was in a heavy molecule which is entirely trapped (T ~ 0), and one 
uses the thin plasma limit for deuterium (this is a fair approximation for 
the 6/9/78 scan). In this case (1 - T.) * I. and one obtains 
b 
o 
The observed dependence of C III 977 A on beam current was not this strong. 
The carbon is apparently not injected by the neutral beams. 
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(iv) Radial Low Energy Carbon 
The data presented above also makes low energy radial carbon fluxes 
very unlikely as a primary source of carbon. The low-energy carbon should 
be swept out by the plasma potential before it can be heated to the energies 
which were observed by Soppier broadening. Low-energy carbon should also be 
ejected before it can diffuse inward and become distributed throughout the 
plasma, yet the carbon in 2XIIB was observed to be widely distributed. 
In addition, radial fluxes would be expected to result from sputtering, 
and this hypothesis conflicts with the data from the beam current scan. The 
total charge-exchange flux leaving the plasma rises as almost the square of 
the beam current (being proportional to the neutral density times the elec­
tron density times the fraction of charge-exchange neutrals which escape the 
plasma). The total high energy neutral flux striking walls and beam dumps, 
including untrapped beam current, rises less rapidly but still depends on 
the beam current to a power greater than 1. The carbon III emissions, and 
hence the neutral carbon flux, depended on the beam current to a power less 
than 1; this indicates that the primary direct source of carbon was not a 
sputtered radial flux. 
It is possible that low energy radial carbon fluxes contributed in­
directly to the carbon concentration in the center of 2XIIB. These fluxes 
may have been ionized at the plasma boundary, and swept away from the mid-
plane by the plasma potential. Later, some of this carbon may have returned 
by some mechanism to the central plasma. 
A Plausible Source of Carbon 
As the data is most consistent with a high-energy axial source of 
carbon, one must ask whether such a source could arise by known mechanisms. 
In this section the following tentative hypothesis is considered. Carbon, 
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wnicn originates as methane deposited on the walls during gettering, is 
heated,and penetrates the central plasma. The carbon observed at the 
midplane is partly this high energy untrapped flux, and is partly carbon of 
the same origin which has become mirror trapped. 
Once a few shots were taken after pumping down, carbon emissions 
varied little despite significant changes in 2X1IB operation. This leads 
one to look for e carbon source which was always present. The obvious 
choice is the titanium gettered walls of the machine. As the titanium wire 
contains some carbon impurity, methane (CH,) is produced during gettering 
(this is observed with the residual gas analyzer), and some of the methane 
will adhere to the wall. This methane can then be removed from the wall 
during a shot, by means of sputtering, cathode arcing, or some other 
mechanism. 
The carbon, introduced as methane, must be heated to penetrate the 
central plasma. Heating of impurities in these plasmas is poorly under­
stood, but several mechanisms are possible. Partially ionized carbon may be 
resonantly heated by the dominant deuterium ion cyclotron radiation in 
certain regions of magnetic field. Nonresonant rf heating is possible, 
based on past experience with 2X11. Carbon may diffuse to high enough 
energies while trapped between a stream gun and the central plasma. Carbon 
which gains Z<t>(Z = 3 to 4) when it is ejected may need only $ or 2<j> of 
energy to penetrate the plasma after backscattering at the end wall. None 
of these processes is likely. Further study might reveal whether in com­
bination they can lead to the observed carbon concentration. Simple cal­
culations suggest that roughly 20-equiv A of 2-keV carbon atoms could produce 
the observed carbon concentration, as a result of trapping by Coulomb 
scattering. 
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Some experiments could be performed to investigate impurity penetration 
as described above. One could introduce an impurity between the central 
plasma and the mirror and monitor its presence in the end fan plasma and at 
the midplane. If the argument above is correct, a small quantity of the 
impurity would appear near the midplane with high energy. A more subtle 
experiment would be to install some getter wires of an unusual substance 
throughout the machine and to investigate the characteristics of that 
substance in the plasma. 
F3. Titanium and Nitrogen 
This section summarizes what little is known about titanium and nitro­
gen sources. Neither of these elements was thoroughly studied, but the 
initial, tentative results deserve a brief mention. 
The most likely source of titanium is wall sputtering. Titanium emis­
sions are independent of stabilizing techniques, as were carbon emissions 
(see above). This weighs against the streaming guns as a major source. 
There is no titanium in the neutral beam modules, so they cannot be the 
source. The machine walls remain as a possible source, although the 
particular mechanisms by which titanium is produced and penetrates the 
plasma are not known. The apparent broad spatial distribution of titanium 
(Appendix D) may be significant, because it suggests that the titanium 
originates in the magnetic fans, where penetration to central field lines is 
not difficult. 
Nitrogen, in contrast to titanium, probably comes from the neutral 
o 
beams. The apparent broad spectral profile of N V 1242 A emissions 
(Appendix C) and the broad spatial distribution of N III (Appendix D) are 
consistent with this hypothesis. A few experiments, like those reported in 
Section V for oxygen, could disprove or substantiate it. 
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A few conclusions may be drawn about the carbon, nitrogen, and titanium 
in 2XIIB. Some progress has been made toward understanding carbon, but the 
account is incomplete. Whatever the mechanisms related to the heating and 
transport of these impurities, their role in the central 2XIIB plasma was 
negligible because of their low concentrations. Their concentrations in the 
end fan regions are unknown, but could have been much larger. So long as a 
mirror reactor contains only high energy impurities, impurities should not 
be a problem (see Section VII). The sources and transport of carbon, 
titanium, and nitrogen are not yet well enough understood to be sure this 
will be the case. 
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APPENDIX G. DETAILS OF THE NEON INJECTION EXPERIMENTS 
Gl. Introduction 
This Appendix provides detailed descriptions of the neon injection 
experiments, and a compilation of some of the data obtained. These experi­
ments showed the rejection by the plasma of most of the impurities from 
certain sources, as was discussed in Section VI. The operation of 2XIIB 
during these experiments is presented here. Some issues are also discussed 
which were not considered in Section VI. For instance, current theory of 
microinstabilities is compared to the results of the experiment in which 
neon plasma was used to stabilize the central plasma (see Section II). This 
experiment is discussed first; then the radial neon-puffing experiment is 
reviewed. 
G2. Injection of Neon-Streaming Plasma 
The streaming plasma required to maintain the high density plasma was 
supplied by neon gas arc guns during this experiment. These guns were also 
operated with deuterium on some shots, to provide a comparison. This section 
first describes the operation of 2X1IB. Then the neon data are presented 
and the penetration of the hot plasma by the neon, which was injected along 
field lines, is discussed. After this, the present understanding of the 
drift-cyclotron loss-cone instability will be compared with the plasma 
characteristics observed when either neon or deuterium streaming plasma guns 
were used. 
A schematic of 2XIIB operation during this experiment is shown in 
Fig. Gl. The neutral beams were fired first, then a short pulse of the 
deuterium plasma guns was used to initiate the plasma buildup. These 
washer-stack-type guns were operated with a set of high voltage capacitor 
-141-
Timing of shot: 
1. Magnetic field on, (~0 ms) 
2. Neutral beams fire (~1.5 ms) 
3. Neon plasma guns fire for 10 ms (~2.5 ms) 
D 2 plasma guns fire for 1 ms (~2.5 ms) 
4. Neutral beams turn off (~9 ms) 
D 2 plasma guns 
•*£. JE3 Neutral beams 
End loss 
detector 




• Neon plasma guns 
Magnetic field 
D 2 plasma gun 
c=31 Neon plasma 
™'guns 
D 2 plasma gun 
Figure Gl. Schematic of the neon plasma injection experiment. 
banks, which can be crowbarred effectively. The neon gas arc plasma guns 
were fired when the deuterium guns were, and were kept on throughout the 
shot to sustain the plasma. 
The time development of some key plasma parameters is shown in Fig. G2. 
The electron line density, measured by microwave interferometry [ 57l , in­
creased gradually to a steady state that was maintained until the neutral 
beams were turned off. A 15-channel neutral analyzer measured the flux of 
high-energy neutrals produced by charge-exchange within the plasma [ 34]. 
The 25-keV charge-exchange-neutral flux was an indication of the fluctuation 
level, because beam-injected ions (with energies below 20 keV) must be heated 
by the rf fluctuations to reach this energy in measurable quantities. The 
plasma diamagnetism, measured by a large diamagnetic loop, indicated the 
amount of energy stored in the plasma. Neutral-beam attenuation measure­
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Figure 62. Plasma characteristics during neon plasma injection. 
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TABLE 61. PLASMA PARAMETERS DURING PLASMA INJECTION 
Deuterium-
Parameter Symbol Neon-Stabilized Stabilized 
Line Density fn dl j e 5.5 x 1 0
1 4 cm' •2 5.0 x 1 0 1 4 cm"3 
Plasma Radius R P 12.5 cm 11 cm 
Peak Density n 
e 
13 2.6 x 10 cm -3 13 -3 2.6 x 10 cm J 
Electron Temperature T 
e 
50 eV 50 eV 
West End Loss j 
2 
40 mA/cm -2 100 mA - cm 
At Midplane 
Neutral Beam Current h 390 A 390 A 
Plasma Diamagnetism A4> 720 A-m 2 720 A-m 2 
Mean Ion Energy w 12 keV 10 keV 
Neon Density N 6.8 x 1 0 1 0 cm -3 
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the characteristics of these plasmas during steady state, for both neon- and 
deuterium-stabilized plasmas. The Thomson scattering diagnostic measured 
eiectf6n*temperatffi [59] . The same value of peak 
electron'density was also obtained frbm-thebeam-attenuation and microwave 
diagnostics. The end loss current, which is significant in the discussion 
of stability below, was measured with a gridded analyzer [ 601. The known 
grid transmissions and magnetic field variations were used to determine the 
westward current at the midplane from the measured current in the analyzer. 
The time development of emissions observed when the neon plasma guns 
o 
were used is shown in Fig. 63. Ne IX 460 A emissions show the behavior 
described in Section V; the apparently negative signal during steady state 
is seen because the electron density was slightly higher during the shot 
2 
1 

















Figure G3. The time development of emissions from Ne II through 
Ne V during plasma injection shows the successive 
appearance of emissions from more highly ionized states. 
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Time, ms 
used for background subtraction. The time,of rise of the neon emissions 
increased with successively higher ionization state, as was expected. Ne VI 
'o • -
402 A emissions were small and were not resolved from background. Note that 
the observed oxygen brightnesses reported in Appendix C'were much-larger than 
the neon brightnesses produced when the streaming plasma was pure neon. Any 
oxygen in the streaming plasma.evidently contributed little to the total 
observed oxygen brightness. 
• Brightnesses (3-cm field of view) 
• / n . dl ae - r 2 / 1 2 - 5 2 
Figure 64. Spatial scans during 
plasma inject ion show the broad 
distribution of the neon. 
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We performed some spatial scans of neon emissions; Fig. G4 shows the 
results. The neon spatial profiles are broad and are not hollow (although 
this data data does not rule out some shell structure). This is not sur­
prising for axially injected impurities. This spatial data is insuffciently 
detailed to draw any precise conclusions about the spatial profiles of the 
neon. 
Plasmas were created using only the neon plasma guns and magnetic 
fields but not the neutral beams, in order to estimate how much of the neon 
plasma penetrated the high-density beam-fueled plasma. The plasma gun 
produced an elliptical plasma (as a result of magnetic field mapping); its 
13 -3 parameters were T <v 5 eV, n n. 1.6 x 10 cm , E.* 250 eV. The line 
13 —2 density along the minor axis of the ellipse was Jn dl = 2.5 x 10 cm . 
The size of the ellipse along the major axis, w, is 13 cm. Because of the 
low electron temperature, this plasma is assumed to be entirely Ne II. TV 
number of neon ions per unit length, P , is approximately 
P = fn dl x w = 3.3 x 10 1 4 cm"1 . (Gl) 
gun J e 
The number of neon ions per uni t length pene t ra t ing the beam-fueled plasma 
i s approximately 
ppen = N , T R i L = U 4 x 1 0 " c m _ 1 ' ( G 2 ) 
in which R-, is the neon radius (= 8cm) determined by the spatial scans. 
The neon density, N, is determined by the constant density model described 
in Appendix C, using rate coefficients calculated by Dr. J. Davis [ 39]. 
Table G2 shows the neon density results. The ratio of Eq. (G2) to Eq. (Gl) 
gives the fractional neon penetration, which was about 4%. 
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TABLE 62. NEON DENSITIES DURING PLASMA INJECTION 
(evaluated at 5.5 ms) 
Line Brightness ex N 
< a v> 
State A 10 ph s cm sr 10 cm s 10 cm 
Ne II 460 0.25 4.1 0.14 
Ne III 490 7.7 9.3 1.9 
Ne IV 544 20 21 2.2 
Ne V 571 10 8.8 2^ 
TOTAL 6.8 
6.8 = 0.26% n 
e 
Before proceeding to considerations of stability! the above results 
can be summarized. The hot, high-density plasma prevented the penetration 
of all but a small fraction of the injected neon plasma to the midplane. 
The evenly distributed neon emissions which resulted were much less bright 
than the observed oxygen emissions, and the Ne II emissions showed the 
expected attenuation of the once-ionized neon flux as plasma density 
increased. The neon concentration was only 0.3% in the hot plasma, which 
suggests that the streaming plasma could not be the major source of the 
observed carbon and titanium. When the streaming plasma was mostly 
deuterium, these elements had concentrations near 0.3% at the midplane. By 
comparison with the neon result, these concentrations appear too high to 
have come from a streaming plasma source. 
Some considerations of plasma stability follow. The fact that the 
2XIIB plasma could be maintained using a neon streaming plasma is itself 
significant. This means that the presence of externally supplied low-energy 
deuterium ions is not necessary to maintain the plasma. If the only role of 
the streaming plasma is to supply particles that fill the ambipolar hole in 
velocity space, then this is a surprising result, because current theory 
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requires that these particles be resonant with the deuterium-ion-cyclotron-
frequency fluctuations [4]. Neon particles are not resonant, and should 
have little stabilizing effect. The plasma cannot be maintained with no 
stream, [2], but can be maintained with a neon stream. It may be that the 
only role of the neon stream is to cool the electrons, lowering the required 
density of low-energy deuterons to that which the plasma can supply by means 
of an increased fluctuation level (see below). Even if this is true, it will 
now be shown that the low-energy deuteron density during these experiments 
was far below that required by current theory. 
The end-loss current measurements can be used to estimate the density 
of low-energy deuterons at the midplane of 2XIIB. This diagnostic measured 
the flux and energies of particles moving in one direction (see below). By 
assuming there was an equal flux in the opposite direction, and neglecting 
the contribution of the neon ions to the measured current, an upper limit 
may be placed on the low energy deuteron density (n„). Figure 65 shows 
end-loss analyzer data obtained during this experiment by varying the voltage 
of a repeller grid, to reject ions with energies below the grid voltage. 
Because the current did not drop until the repeller voltage exceeded 150 V, 
this data is consistent with a plasma potential near 3T . The median 
detected energy was 800 eV, which corresponds to 650 eV at the midplane, 
where the potential is maximum. Assuming that a total deuteron current of 
80 mAcm flowed out both ends of the machine with a mean energy of 650 eV, 
10 —3 XL. at the midplane is 2 x 10 cm (= 0.08% n ). This estimate should be 
-2 about a factor of 2 high, because the neon current should be 10 to 50 mAcm 
depending on the neon energy. (There are other uncertainties as well.) The 
low-energy deuterons are provided by the trapped neutral beam particles. The 
-2 neutral bean trapping rate is equivalent to a flux of 120 mAcm , but some 
or all of these particles may leave the machine radially. 
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Figure 65. During the neon plasma 
injection experiment, the ion end 
loss current and energy distribution 
were determined using a gridded 
analyzer. The westward current is 
normalized to the midplane magnetic 
field. The increase in measured 
current from zero to 140 volts 
repeller voltage is unphysical, and 
is indicative of the scatter in the 
data. 
200 400 600 800 1000 
Repeller voltage, V 
The theoretical warm density requirement may now be compared with the 
value obtained above. The required warm density is: 
?w . 0 - 3 |i . 0 # 4 % n E. e I 
(The factor 0.3 is below the lower limit of present theory [5]). Thus, the 
low-energy deuteron density in these plasmas was a factor of five below the 
theoretical requirement. This difference is large compared to the uncer­
tainties. In addition, most of the observed low-energy deuterons were not 
in the ambipolar hole (they had too much energy). If this is possible at 
higher densities and temperatures, future mirror machines may be able to 
avoid the large power drain associated with present stabilizing techniques, 
by using better controlled sources of low energy deuterons. 
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The neon-stabilized plasmas may be compared with the plasmas created 
when deuterium was used in the gas arc guns. The plasmas stabilized by 
deuterium had a lower fluctuation level than those stabilized by neon, 
although most of the plasma parameters were nearly identical. The lower 
fluctuation level of the deuterium-stabilized plasmas is shown in Fig. G6. 
As was discussed above, the 25 keV charge-exchange flux indicates the 
instability-induced ion heating. The deuterium-stabilized plasma produced 
less of this flux. The rf fluctuations also scatter the 2 mm microwaves 
used for line density measurements; the deuterium-stabilized plasma produced 
less microwave scattering, indicating less intense fluctuations. In 
addition, as was shown in Table 61, the deuterium-stabilized plasmas had 
lower mean ion energies and smaller radii than those stabilized using neon. 
This may indicate less instability-induced diffusion, because such diffusion 
tends to increase the mean ion energy and plasma size. Despite these 
differences, the neon-stabilized plasma adpated itself to the relative 
absence of low-energy deuterons without substantial alteration. The energy 
and particle confinement times were essentially unchanged. 
(The density of low-energy deuterons is also below the theoretical 
requirement in the deuterium-stabilized case. The westward current is 
2 100 mA cm , 2.5 times above the previous value. Thus, n„/n is one-half the 
theoretical requirement, if the same analysis applies. This is again an 
over-estimate of lUj/n , because some of the current is supplied by the gas 
arc gun and only flows in one direction.) 
G3. Radial Puffing 
The results of this experiment are considered at length in Section VI. 
The machine operation and the data obtained are discussed here. The pulsed 
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Figure 66. When neon was used, instead of deuterium, to stabilize 
the plasma, more intense fluctuations were observed. 
valve, the plasma, and the EUV monochromator were oriented as shown in 
Fig. 67. It is ciaar that if the neon is deposited on the boundary and soon 
leaves the machine; the neon spatial profiles should be asymmetric. Figure 
68 shows spatial scan? of 2XIIB, and asymmetric profiles were observed. The 
details of the spatial profiles will depend on azirauthal drifts, radial 
transport, and axial loss; this spatial data is insufficiently precise to 
address these issues. 
The amount of gas injected into the plasma was varied by changing the 
pressure in the gas supply line. This changed both the neon brightness and 
the effects of the neon gas. When the supply pressure was 50 torr, the neon 
















Figure G7. Schematic of the neon 
gas puffing experiment. 
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Figure G8. Spatial data obtained 
during neon gas puffing showed 
asymmetric brightness profiles. 
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The He IV 544 A time development, obtained using three different gas pres­
sures is shown in Fig. G9. The signal at 3.5 ms is background, and the 
increase after this time was measured. Figures G10 and 611 show similar 
o o 
time histories for Ne V 571 A and Ne III 490 A. 
Ne IV 544 A 
300 -




Figure G9. The Ne IV 544 A time development was observed as the 
gas pressure in the gas valve supply line was 
increased. The signal prior to 3.5 ms is background. 
The effects of the neon gas on the plasma are shown in Figs. G12 and 
G13. The plasma diamagnetism is an indicator of the number of stored ions, 
and decreases more rapidly as the neon gas flux is increased. The electron 
line density, measured by beam attenuation, is affected very little except 
at the largest neon fluxes, which destroy the plasma. The energy distri­
bution of the deuterium ions, measured by the charge-exchange neutral 
analyzer, is not affected until major effects are observed in the electron 
density. The east end losses increase slightly when the neon gas strikes 
the plasma, and are eliminated when the plasma is destroyed. 
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Figure G10. The Ne V 571 A emissions increased as the gas-valve-
supply pressure was raised, which increased the neon 
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Figure Gil. The Ne III 490 A brightness increased when the neon 








Time, ms Time, ms 
Figure G12. The neon flux striking the plasma was increased by 
raising the gas valve supply pressure (0 to 400 Torr 
were used). Plasma diamagnetism and electron line 
density are shown. 
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Figure G13. The energy distributions and end- loss currents were 
affected little until the plasma was destroyed. 
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A gas supply pressure of 400 torr, leading to about 100 A of trapped 
neon current, was sufficient to destroy the plasma (and still produced neon 
brightnesses less than those of oxygen). Thifi data was not used in the 
analysis of Section VI. By contrast, 50- or 100-torr supply pressures 
resulted in slow changes in the plasma parameters. The data from these 
shots was analyzed at 5 ms, when a steady state had nearly been reached in 
the SO torr case. Although the neon did affect the plasma, the plasma was 
able to maintain itself for long times compared to the neon confinement 
time. The analysis of Section VI is not invalidated by such long-term 
effects. 
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APPENDIX H. EUV DATA PERTAINING TO THE PLASMA BOUNDARY 
HI. Introduction 
Some of the EUV data apply to the boundary region of the plasma; such 
data are discussed in this Appendix. As noted in Appendix C, the plasma 
boundary in 2XIIB was not well-diagnosed. In certain respects, the EUV data 
indicate the nature of this region. The neon-gas-puffing results suggest 
that the electron temperature was not much lower than the central value at a 
radius of about 9 cm. The impurity spatial data indicated that either elec­
tron temperature or density decreased significantly just beyond a radius of 
9 cm. Lyman alpha measurements suggest that the plasma was struck by signi-
17 —2 —1 ficant low-energy neutral fluxes (1 to 3 x 10 cm s , depending on 
neutral-beam current). These points are discussed below; they might be 
explained by the existence of a boundary where plasma ions are lost by 
charge-exchange with low-energy deuterium. This boundary would exist where 
the flux of plasma ions diffusing outward balances the inward flux of 
low-energy neutral atoms, and the electron temperature and density would 
both decline; the rate of cross field transport of energy and particles 
would determine the sharpness of the boundary. 
The neon data discussed in Section VI suggest that the T spatial 
profile is broad. The fact that Ne V 571 A emissions are seen as soon as Ne 
III 490 A\ emissions indicates that T is substantial 0v,50 eV) in the 
e 
emitting region, which is near a radius of 9 cm (see Appendix 6). Thomson 
scattering measurements have shown that T declines slowly out to a 6 cm 
radius [5]; the EUV data extends this result to about 9 cm. (Consistent 
with the neon data, T could begin to decline rapidly anywhere outside of 
an 8 cm radius.) 
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H2. Implications of Impurity Spatial Data 
It appears that the electron density profile is Guassian and the 
electron temperature declines slowly. Yet somewhere the electron 
temperature must drop, and the electron line density was not measured beyond 
8 cm. The impurity spatial scans place some limits on these quantities. 
o 
In particular, consider the 0 II 539 A spatial scan reported in 
Section V (see Fig. 9). Given the high energy of the oxygen, the 0 II had a 
large orbit (r = 11 cm). As a result, the 0 II density must decline slowly 
o 
as radius increases. The brightness of 539 A emissions at r = 12 cm is at 
most 3 x 10 ph s cm" sr . Applying Eq. III-9, 
3 x 1 0 1 4 > T=- N /n dl«Jv> e X . V e 
On the basis of the data discussed in Section V (Fig. 9), one can 
10 -3 assume N = 10 cm , then 
/n dl< 0v> e x < 3.8 x 10 5 (HI) 
e 
If /n dl remains Gaussian beyond 8 cm, where it is not measured, T must be 
below 20 eV at a radius of 12 cm to satisfy Eq. (HI). If T remains high, 
then the line density must be a factor of 2 below the Gaussian prediction. 
We observe that either the temperature or the density (or some combi­
nation) declines sharply at large radii (r > R ). Although these cases 
are not distinguishable, either is sufficient to establish a "boundary" at 
r = R , because radial gas fluxes can then penetrate that far into the 
plasma. 
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Other impurity spatial scans support the conclusions drawn from the 
0 II spatial scan. The brightness at r = 12 cm is 5% or less of the peak 
brightness, while(for R = 10 cm) the line density should be 20Z of its peak 
value. If the line density is this high, then T must be low (20 eV), 
either to avoid emitting more strongly or to avoid creating the observed 
ions. If T is high, the line density must be lower than that predicted 
by the central Gaussian profile. Either case is sufficient to establish a 
boundary. 
H3. Implications of the Lyman Alpha Data 
Under proper conditions, the Lyman alpha brightness is directly pro­
portional to the cold gas flux. This provides some indication of the amount 
of low energy deuterium striking the plasma. This situation, and the data 
obtained from 2KIIB, are discussed below. 
The relation of the Lyman alpha brightness to the cold gas flux is 
evaluated first. Uhen the neutral beams are on, the presence of high energy 
neutral atoms makes the Lyman alpha brightness and spectrum quite 
complicated [50]. However, once the beams have been turned off (which 
takes ~100us), the density of high-energy neutrals becomes negligible very 
soon (̂ 5 us). In this case, by a derivation like that of Section VI, the 
flux, r, is found to be 
2irB(<ov>ion + £ k<ov> C l t) r _ h 
ex 
<crv> 
In this equation, £. i s the high-energy fraction of deuterons in the 
region where the cold gas i s stopped. (Only the high-energy deuterons 
charge-exchange s trongly) . For the moderate fluxes present in 2XIIB, f. ^ 1. 
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The flux of low-energy deuterium was measured by this technique under 
two different circumstances during this experiment. Figure HI shows a 
typical Lyman alpha time development, taken with slits which were wide enough 
to include the entire line. When the neutral beams turn off, the Lyman alpha 
brightness abruptly declines and soon reaches about 10 ph s~ cm sr . 
This signal could result from room temperature fluxes (v *v> 10 cm s ) which 
had not yet dissipated, or from wall reflux (v 10 "\> cm sec ) produced 
during the plasma decay. The fluxes corresponding to the Lyman alpha bright­
nesses observed 1 ms after beam turn-off are shown in Table HI. The beam 
current and approximate emission radius are also listed. 
These fluxes, multiplied by the plasma area, give an indication of the 
low-energy deuterium current striking the plasma. For the data shown in 
Fig. HI (assuming a 30 cm plasma length), this current is about 
70 equivalent A. A comparable current of low-energy deuterium may strike 
the plasma during the high density plateau, because similar sources are 
present. In that event, any theory of the plasma boundary must explain how 
that deuterium interacts with the plasma. 
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Time, ms 
Figure HI. The Lyman alpha time development, electron line density, 
and beam and stream durations are shown. Wide slits were 
used to measure the entire line. 
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TABLE HI. LOW-ENERGY DEUTERIUM FLUXES 
h R 
Date Shot A cm 
10/28 7 490 8 
4 /13 28 330 11 
ph s cm sr ' cm s 
1 x 1 0 1 6 3 x 10 
4 x 1 0 1 5 1 .2 x 10 
- 1 6 4 -
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